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Abstract
This thesis aims to develop and to validate a new set of devices for
accurate investigation of human finger stiffness and force distribution
in grasping tasks. The ambitious goal of this research is twofold: 1)
to advance the state of art on human strategies in manipulation tasks
and provide tools to assess rehabilitation procedure, 2) to investigate
human strategies for impedance control that can be used for human
robot interaction and control of myoelectric prosthesis.
The first part of this thesis describes two types of systems that
enable to achieve a complete set of measurements on force distribu-
tion and contact point locations. More specifically, this part includes:
(i) the design process and validation of tripod grasp devices with
controllable stiffness at the contact to be used also for rehabilita-
tion purposes, and (ii) the validation of multi-digit wearable sensor
system. Results on devices validation as well as illustrative measure-
ment examples are reported and discussed. The effectiveness of these
devices in grasp analysis was also experimentally demonstrated and
applications to neuroscientific studies are discussed.
In the second part of this thesis, the tripod devices are exploited
in two different studies to investigate stiffness regulation principles in
humans. The first study provides evidence on the existence of coordi-
nated stiffening patterns in human hand fingers and establishes initial
steps towards a real-time and effective modelling of finger stiffness in
v
tripod grasp. This pattern further supports the evidence of synergistic
control in human grasping. To achieve this goal, the endpoint stiffness
of the thumb, index and middle fingers of healthy subjects are experi-
mentally identified and correlated with the electromyography (EMG)
signals recorded from a dominant antagonistic pair of the forearm
muscles. Our findings suggest that the magnitude of the stiffness
ellipses at the fingertips grows in a coordinated way, subsequent to
the co-contraction of the forearm muscles. The second study presents
experimental findings on how humans modulate their hand stiffness
while grasping object of varying levels of compliance. Subjects per-
form a grasp and lift task with a tripod-grasp object with contact
surfaces of variable compliance; EMG from the main finger flexor and
extensor muscles was recorded along with force and torque data at
the contact points. A significant increase in the extensor muscle and
cocontraction levels is evidenced with an increasing compliance at the
contact points.
Overall results give solid evidence on the validity and utility of
the proposed devices to investigate human grasp proprieties. The
underlying motor control principles that are exploited by humans in
the achievement of a reliable and robust grasp can be potentially
integrated into the control framework of robotic or prosthetic hands
to achieve a similar interaction performance.
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Introduction
The investigation of the strategies of human motor control in grasp-
ing task represent a relevant topic in neuroscience with applications
in robotics. Such an investigation requires the development and the
exploitation of sensing tools and devices, which are able to record all
the necessary informations, for this purpose new custom devices are
developed and exploited. The ambitious goal of this work is twofold:
1) to advance the state of art on human strategies in manipulation
tasks and provide tools to assess rehabilitation procedure, 2) to inves-
tigate human strategies for impedance control that can be used for
human robot interaction and control of myoelectric prosthesis. De-
spite the goal complexity requires many efforts, this thesis achieved
tangible and original contributions that are suitable for robotic/pros-
thetic and human motor control studies.
Indeed, humans can efficiently handle disparate objects and use
them in different ways. Dexterity evidenced in manipulation tasks in-
dicates that humans have experienced advantages and disadvantages
of hands through extensive practice, and they learned to make the
most efficient use of interplay between available sensory information
and motor capabilities. Studies and exams confirm that a large part
of human cortex (Fig. 1) is dedicated to grasping and manipulation
( [7], [8], [9]), but so far human hand behaviour in grasping tasks is
not completely clear. In effect, understanding the strategies adopted
1
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Figure 1: Human cerebral cortex: visualization of sensory functional
areas and motor functional areas.
by Central Nervous System in grasping task needs to analyse the me-
chanical interaction between the hand and grasped object. Addition-
ally, the presence of peripheral constrains such as physical coupling of
tendons together with central neural organization leads brain to acti-
vate muscles according to “covariation” patterns, also referred to as,
in a broad sense hand synergies. Recent studies confirm that, while
configuration space of dexterous hands is high-dimensional, most use-
ful grasps can be found close to a small number of discrete points.
In [10], results confirm the role of first three fundamental synergies
to reconstruct hand shape in pre-grasp phase. In the grasping phase
Figure 2: Application of the Soft-Synergy Model in grasping of two
different objects. The reference hand (in wire frame) is achieved ex-
ploiting only the first three synergies.
understanding finger forces distribution is a challenging problem; to
2
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study it, in [11] and [12] the authors proposed a mechanical model
with synergies, called “Soft-Synergy theory” (Fig. 2). In this concept
the same manipulation system with the same synergies could achieve
different grasps at changing of contact point stiffness and positions.
Figure 3: The Pisa-IIT SoftHand
Despite it needs to be validated in humans, it has been already
successfully used to develop an effective and adaptive robotic hand
(1) able to grasp a wide number of different objects [13]. A complete
analysis of human grasp includes measures and parameters that are
achievable with difficulty; this represents also an important condition
to validate Soft-Synergy model in human. Up to now, robotic and
neuroscience studies on multi-digit grasp have focused on the control
of finger forces throughout the manipulation of rigid objects at chang-
ing of different conditions (e.g. [14], [15], [16], [17]); however only few
studies investigated how humans control contact forces in multi-finger
grasping of deformable or soft objects [18]. Indeed, constraints and
force control strategies involved in manipulating fragile or deformable
objects might differ from those involved in the manipulation of rigid
objects and offer new insights to the force control problem. To pro-
ceed with such investigation in a rigorous manner, what is necessary it
is to develop suitable devices that are able to obtain a complete set of
necessary measurements (F/T component, contact location, surface
stiffness). In literature two complementary kinds of device are used to
3
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measure them. One approach requires to build sensorized objects, by
assembling parts around one or more force/torque sensors (F/T), and
use them to study grasping and manipulation with a variable number
of digits ( [19], [14], [20]). While this solution provides complete and
reliable force/torque information, it lacks versatility for these reasons:
i) it requires building a different object for every task or task condi-
tion, ii) it gives resultant centre of pressure when more than two digits
are used to grasp the object (e.g. [21]).
Wearable device aims to be a complementary approach of sen-
sorized object for human grasping studies. Common solutions use
glove with several pressure sensors [22] or a set of camera to analyse
the finger nail colouration [23]. Both solutions don’t constrain hand
posture in grasping task but lack for some aspects: the first solution
doesn’t allow measurement of all contact force/torque components;
the second technique is limited by incapability to estimate contact
point position. A challenging problem is to design and validate wear-
able devices that minimally constrain hand movements but allow to
acquire a complete set of measurements to study the grasp.
Developing devices to study human manipulation task could be
useful also to assess and improve rehabilitation therapy ( [24], [25]).
More specifically these devices could allow to compare grasp propri-
eties between healthy subjects and patients with impaired capacity.
Furthermore, these systems allow to customize therapy and increase
therapeutic effectiveness of typical grasp and release exercises, in dif-
ferent rehabilitative scenarios, including post surgical, post trauma
and post stroke rehabilitation. In recent years, technological solutions
able to modulate the stiffness stand out. In [26], an “active” orthosis
with variable-stiffness transducers made of dielectric elastomer was
presented as a promising and viable solution for rehabilitation of pa-
tients affected by hand motor disorders. In [27] a 2 degrees-of-freedom
(DOFs) end-effector based hand rehabilitation robot called the “Re-
HapticKnob” was evaluated and an impedance-based controller with
force feedback was implemented to modulate apparent impedance of
the robot end-effector.
4
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To investigate the principle aspects previously dealt, in the first
part of the thesis I developed and tested custom sensorized objects to
study human motor control in grasping tasks. To allow complemen-
tary studies, I tested, also, wearable devices developed in our lab in
grasp experiments. In particular the solutions with sensorized objects
could have important application for rehabilitation therapy.
In the second part of the thesis, the sensorized object for grasp as-
sessment described in the first part was used to study stiffness control
in humans. The ability of humans to modulate hand stiffness when
they interact with the world could also influence grasping tasks. In
effect, stiffening behaviour can be realized to stabilize movement or
to fix posture in isometric tasks [28]. Previous work examining fin-
ger and hand stiffness has explored various topics including the me-
chanical impedance of the fingers [29] or at the fingertip [30], pinch
grasp stiffness during an isometric grasp task [31], or variance of stiff-
ness depending on finger force or posture [32]. Few works study the
finger stiffness when humans grasp a rigid object with three [33] or
five fingers [33]; therefore the capability of Central Nervous System
(CNS) to modulate the finger stiffness in multi-finger grasp is still un-
clear. Stiffness ellipsis at each contact could be oriented and shaped
in some preferred manner that could depend by several aspects. Fur-
ther hand impedance control could be affected by the grasped object
stiffness. In effect, stiffening grasps with deformable object could be
preferred/avoid by humans.
To investigate the aspects underlined before, I exploit the tripod
devices to study: i) correlation between stiffness at fingertips and
EMG signals of principal common muscles of fingers in grasping pose
and ii) study how the grabbed object stiffness influences finger muscles
activity in grasping task. All these works are focused to understand
human grasp proprieties in depth; furthermore developed tools and
methods could be proposed also to evaluate rehabilitation therapy
outcomes.
5
Introduction
Main Research Arguments
This thesis deals about: (i) the development and testing of suitable
systems for human grasping studies and (ii) studies on the control of
finger stiffness in grasping tasks. These two topics are fundamental to
understand the principles used by humans in motor control to interact
with the external world. The developed knowledge, moreover, could
be exploited in rehabilitation and prosthetic fields.
Thesis Structure
The thesis is structured as follow:
• Chapter 1 aims to present the complexity of the human hand.
It starts with a brief description of the bio mechanics model of
the hand then it gives an overview on some recent hypothesis
concerning the human motor control (pre-grasp, grasping force
distribution, muscle activation, impedance control). Finally it
points out the problem to understand the relationship between
human grasp properties and stiffness at contact points.
• Chapter 2 presents two novel sensorized objects developed to
study human grasp with customizable condition of stiffness at
contact points.
• Chapter 3 deals with the validation of new wearable device,
“ThimbleSense” developed in our lab to study grasping task
with no constrains on hand posture and object shape.
• Chapter 4 presents a procedure to estimate the contact point
stiffness in multi-finger grasp. A preliminary map between EMG
signals and finger stiffness of hand is also reported.
• Chapter 5 investigates on the control of finger flexor/extensor
muscles performed by humans, when they grasp objects with
contact surfaces characterized by different levels of stiffness.
6
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Motivations and Contributions
The correct understanding of how human motor control pilots the
hand in grasping tasks is possible only with custom devices, which
give all suitable measurements to characterize such a performance.
In the first part of the thesis I present two complementary devices
which can be profitably used to study grasping task performed by
human hand. In particular I developed two sensorized objects that
could be used to investigate contact force distribution in three-digit
grasping task. The devices are able to give a complete set of forces
and torques exerted by each finger. Two different haptic solutions are
successfully exploited to achieve different levels of stiffness at contact-
points: i) Contact Area Spread Rate device to change the stiffness
on-line, ii) Silicone specimen display to enable cutaneous feedback.
The developed tools are also proposed to evaluate the outcomes of
rehabilitation therapies.
Dealing on wearable device, I tested “ThimbleSense” system, a new
tool developed in our lab to study human grasping task without hand
pose constrains. I shown how the measurements collected with the
device could be profitably used to perform grasp analysis exploiting
robotic literature tools.
In the second part, the tripod devices are used in two works to
study the stiffness control in human hand.
For the first study, I successfully integrated the sensorized object
in a new set-up to estimate the cartesian stiffness of human finger in a
tripod pose. This work evidenced human capability to modulate the
co-contraction of the muscles to change fingertip stiffness. This study
puts in evidence the importance to take in account muscle activity in
grasping tasks, to have suitable values of fingertip stiffness.
In the second work, I investigated how the stiffness of grasped
object could affect the control of flexion/extension activity of finger
muscles. This work evidences the propensity of human to increase the
finger stiffness when more compliant objects are grasped.
7
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Chapter1
Human Hand Motor Control
Studies
This chapter aims to give a brief overview on the complexity that is
typical of hand motor control studies. Starting from biomechanical
hand models to recent theories on motor control in grasping tasks, in
this dissertation the important factors which affect grasp proprieties
are dealt.
The mechanical structure of human hand is extremely complex
and difficult to model; its rigid internal framework is made by 27
bones that are moved by 18 intrinsic muscles and 18 extrinsic muscles
coupled by a network of tendons. To have a simple hand model, at
least 23-24 DoFs are needed: 4 DoFs for each finger, 5 for the thumb, 1
for the radioulnar joint and 2 at the wrist. In a more detailed model,
the number of DoFs increases just taking into account the hand’s
capability to create a palmar arch when it closes. A complete biome-
chanical model includes 36 muscles coupled to the bones by a complex
tendons network; moreover several biomechanical constraints have to
be included in the model. Joint limits or finger dimensions are clear
examples of constraints which can affect the interaction of the hand
with the world, and additional constraints arise from the coupling of
9
Human Hand Motor Control Studies
tendons and muscles. Some muscles span several phalanges, making it
difficult to move only one joint independently; for example the flexor
digitorum superficialis (FDS) and extensor digitorum comunis (EDC)
muscles are divided on each finger, therefore a contraction of these
muscles engages several hand joints.
Understanding how humans exploit bio-mechanics and sensory
feedback of hand in everyday tasks is a challenging topic that still
is not completely understood. Several studies and theories, focused
on kinematic and grasping tasks have been developed. In the next
section, I will give an introduction on the most recent studies which
focus on important aspects of manipulation: i) Hand control in Pre-
Grasp phase, ii) Grasp force distributions, iii) Muscle activations and
iv) Impedance Control.
1.1 Hand control in Pre-grasp phase
In manipulation tasks reaching an object with the hand is not an obvi-
ous action; multiple degrees of freedom must be controlled to arrange
hand shape. However, recent studies show a reduction in the number
of DoFs independently controlled by the nervous system [35]. In [10],
authors defined a map of postural synergies for grasping movements.
In their experiments subjects grasp a large set of imagined objects,
then PCA is performed with hand posture measures (Fig. 1.1 shows
the synergies corresponding to the first three principal components).
In this set-up, without contact between object and hand, it is possible
to examine how the central nervous system plans hand posture as a
function of object shape.
To grasp a real object more synergies are required to explain the
hand configurations as shown in [36]. This study showed how the
first three principal components described more “basic” patterns of
finger motion such as hand opening/closing caused by motion at all
metacarpal-phalangeal or proximal-inter phalangeal joints. Informa-
tions provided by remaining synergies could be ignored in the recon-
10
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1.2 Grasp Force Distribution
Figure 1.1: The first three postural synergies in human hand: a) first,
b) second and c) third.
struction of postures. The findings suggest that few synergies could
be involved to control the pre-grasp phase. This assumption could
be supported by the work in [37], where synergistic finger movements
are observed with transcranical magnetic stimulation (TMS) of the
primary motor cortex; this behavior suggests that a modular hand
muscle representation exists in human motor cortex. The CNS may
be able to select the pattern of muscle activation from the identified
synergies and partially involve anatomical constrains.
1.2 Grasp Force Distribution
To grasp and hold an object, the resultant of all forces exerted on the
object has to be equal to zero. It’s easy to see that an infinite num-
ber of contact force combinations could satisfy the last assertion; this
topic is known in robotics as the force-close and form closure prob-
lem [38]. While this problem is partially solved in robotics; in humans
it is still not clear how the CNS distribute the forces at each contact
point in grasping tasks. Strategies and constraints arise in several
studies that aim to understand contact force distribution in humans.
For example, exerting forces only with one finger when multiple fin-
11
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gers are in contact is impossible for humans as shown in [39], [40]
and [41]. This phenomenon appears also in kinematic and is called
enslaving [42]. In [19], the authors investigated the possible relation
between normal forces in multi finger grasp and in [43] they showed
some coordination patterns which could be task dependent. A large
inter-trial variability in the normal forces exerted by each finger arise
in [44]; these results, along with a coordinated action of each finger,
lead authors to propose the existence of hierarchical control in ma-
nipulation action. The force modes are proposed to explain how the
CNS controls the force distribution at each finger; in this theory, at
each finger is linked a force pattern called force modes. Force distri-
bution in grasping tasks could be a result of a coordinated action of
force modes; however it is not clear how many degrees of freedom are
exploited by the CNS because it’s evident that force modes depend
on the task [45] and subjects [46].
A different strategy, called the uncontrolled manifold hypothesis,
arises from analysis of contact force component variability and is used
to explain and quantify synergies [47]. In this theory, two classes of
variables are defined: i) elemental variables related to parts of systems
and ii) performance variables related to the task. This classification is
used to define Bad-Variance (VB), variability of elements that could
affect the precision of task, and Good-Variance (VG), variability of
elements that do not affect the performance. The ratio VG/VB could
identify strong synergies or weak synergies if it is large or small.
Virtual finger hypothesis is also used to explain force distribution
in multi finger grasp. It asserts that one or more virtual fingers are
controlled by the CNS at a high level [48]. At a lower level for each
contact point, forces exerted by each finger are modulated to hold
constrains of VF. In the virtual finger hypothesis, contact forces at
each finger continue to be redundant and not constrained as in forces
modes.
In all these theories where hierarchical control plays an important
role, some variables remain unassigned. To solve the remaining re-
dundancy optimal control theory could be used minimizing a suitable
12
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1.3 Muscle Activity
cost function which takes into account appropriate constraints; this
approach allows to find solutions that could be not compatible with
humans strategies. Recent theories propose that the CNS could ex-
ploit some biological proprieties of the system to adapt itself to the
task. In a grasping task, the hand could adapt itself to the grasped
object exploiting finger stiffness ( [49], [11]). To explain synergies
showed by humans in holding tasks, recent works [50] and [51] intro-
duce Equilibrium Point and Reference Configuration hypothesis that
assume the existence of hand configurations at which all the involved
muscles would achieve zero activation levels.
1.3 Muscle Activity
To study human motor control, muscle activity is another factor to
take into account. Each hand articulation is moved by one or more
muscles with a contraction or co-contraction activity. To monitor
muscle and motor unit activation, electromyographic (EMG) signals
could be exploited. Focusing on the hand, which includes a large
number of muscles (Fig. 1.2), EMG signal is used to investigate
spatial and temporal coordination of multiple muscles in disparate
tasks. The correlation analysis of EMG signals resulted in coordina-
tion patterns in muscle activation; these pattern could induce muscle
synergies. This hypothesis is supported by observation of two digits
force production [52], [53], three digits object hold [54], [55] and whole
hand grasping [56]. In [57], focused on index finger, authors studied
EMG signals of seven muscles throughout force production in sev-
eral directions; finally they show high muscle correlation in the task
relevant subspace instead of task irrelevant subspace. This assertion
suggests that only a reduced number of muscle activation patterns
are employed by the CNS. In static grasp, it is also observed that
a common neural input signal at hand muscles is heterogeneously
distributed across the fingers, exiting in particular extrinsic muscles
instead of intrinsic muscles ( [58], [54], [55]). This finding suggests
13
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Figure 1.2: An overview of the muscles that cooperate to move human
hand.
that a strong correlation lies in hand muscle activation in grasping
and non-grasping tasks.
1.4 Impedance Control
Stability and manipulability in grasping tasks can be affected by
an other import factor: the impedance at the contact point. This
property relates contact forces and contact point motion. To define
impedance for each contact point, two main factors must be consid-
ered: static components (stiffness) and dynamic components (damp-
ing and inertia). Although both impedance components are studied
in robotics and biomechanics for the upper limb ( [59], [60], [61], [62]);
only a few aspects of finger impedance have been investigated. In [30],
the authors found a linear relationship between fingertip stiffness and
muscle activation for the metacarpal (MCP) joint of index finger.
However, when multiple joints are activated in the same finger, the
previous relationship collapses and finger postures along with volun-
tary forces contribute to changes in the stiffness ellipsoid at finger-
14
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1.5 Outstanding Aspects in Grasping Task
tip [32].
Several additional properties on human stiffness control arise from
multi finger grasp studies.
In [63], authors show a relationship between grasp stability and
symmetric components of stiffness matrix in thumb-index grasp. Fo-
cusing on three digit grasp, the grasp stiffness was analysed at chang-
ing of: (i) finger position and orientation [33], as show in Fig. 1.3 and
(ii) span and grasp force [64].
Figure 1.3: An example of grasp stiffness adopted by human during
the grasp of a pen.
A possible relationship between the orientation of ellipsoids and
salient task requirements results also in [65] where the authors inves-
tigate more in depth finger stiffness in grasping task of several rigid
objects without restriction on contact point positions.
These results suggest that impedance control can improve perfor-
mance of manipulation tasks in humans as in robot [66].
1.5 Outstanding Aspects in Grasping Task
Thus far, studies on multi digit grasp have focused on impedance and
control of finger forces during manipulation of rigid objects. There
are only a few studies that have investigated how humans grasp de-
formable or soft objects, despite the fact that hardness/softness is
15
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an important characteristic of objects [67] and one of the first haptic
cues which infants can use to discriminate objects and squeeze them in
their hands [68]. Furthermore, the constraints and control strategies
involved in manipulating fragile or deformable objects might differ
from those involved in the manipulation of rigid objects. For exam-
ple, avoiding large contact forces might be crucial to avoid deforming
or breaking them. The grasp might also be more or less stable depend-
ing on the properties of the object. The effect of compliance when
holding an object with the tripod grasp was investigated in [18] with
a device where a spring was placed below each contact. The control of
the contact force when holding a fragile objects with a prismatic grasp
was investigated in [69] with a device that collapsed when the contact
force exceeded some threshold. The role of cutaneous information (re-
lated to direct deformation of the skin) vs. kinaesthetic information
(related to force indentation sensing) is an unknown aspect in grasping
task; the brain uses this information to estimate stiffness at contact
points but how cutaneous information influences force distribution in
a grasping task remains unknown. Finally the stiffness influences the
force distribution when humans grasp an object but we don’t know
how the motor control is affected by stiffness.
The aim of this chapter is to introduce briefly some of most impor-
tant factors that influence human motor control in grasping tasks. At
the same time, this description should underline the complexity that
characterizes factor manifold typically involved throughout the inter-
action between hand and grasped object. What is noticeable from
this brief description is that a better understanding of human grasp
is possible only by exploiting devices able to produce a complete set
of measurements; in effect, contact points, forces and torques exerted
by the hand, object stiffness, and muscle activation are necessary
measures to study hand-object interaction.
From an engineering point of view, two approaches are used to
develop devices to study human grasp: i) sensorized objects and ii)
wearable devices. The first solution requires the assembly of one or
more sensors around a rigid frame; these devices allow the complete
16
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1.5 Outstanding Aspects in Grasping Task
Figure 1.4: The Grasp
Perturbator [70].
Figure 1.5: The Patched
Intrinsic Tactile Object
[71].
Figure 1.6: The Stretch-
able Fingernail Sensors
[72].
Figure 1.7: Tekscan
Pressure Sensors [73].
Figure 1.8: Examples of sensorized objects and wearable devices to
study human grasps.
measurements of force and torque at the contact point but usually
they constrain hand posture. Wearable systems aim to guarantee un-
restrained interaction of hand in grasping task; pressure sensor on
gloves or nail color analysis are two solutions presented in literature.
The limits of this approach usually are lack of contact point position
and lack of complete force/torque measurements. The two approaches
presented above (also referred to as "human-side" and "object-side",
respectively) exhibit pros and cons, and it is difficult (if not impossi-
ble) to design a system that can fully measure the physical interaction
17
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that occurs between hand and object throughout arbitrary manipu-
lation tasks. It is more profitable to consider these two approaches
complementary and necessary for a complete study of human grasp
and rehabilitation systems.
In the first part of this thesis I propose some devices to study grasp
properties following two different approaches: (i) sensorized objects
and, (ii) wearable devices to measures force and torque. In the second
part of this thesis, the tripod devices are exploited in two different
studies to investigate stiffness regulation principles in humans. The
first study provides evidence of the existence of coordinated stiffening
patterns in human digits and establishes initial steps towards a real-
time and effective modelling of finger stiffness in tripod grasp. The
second study presents experimental findings on how humans modu-
late their hand stiffness while grasping objects of varying levels of
compliance.
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Devices for Human Grasp
Studies
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Sensorized Object approach
In this section I presented two instrumented objects designed to be
grasped with three digit finger posture. Four different force/torque
sensors are fixed in a profitably configuration to allow measures of con-
tact forces exerted by each finger and the external wrench. Changing
the stiffness at each contact independently is possible by two different
haptic solutions. Experimental results show the validity and util-
ity of proposed devices to investigate human grasp proprieties. As
evidenced in the previus chapter these systems constrain the hand
posture throughout the grasp phase but allow to measure all: i) the
contact positions and ii) the force/torque components at each contact.
In the next subsections, the devices are described and validated in a
more detailed way.
2.1 Three-digit grasp haptic device with
variable contact stiffness for rehabili-
tation and human grasping studies
In this section, I propose a device for three-digit grasp (see Fig. 2.1
and Fig. 2.2), which enables to vary the stiffness of contact points in
21
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Figure 2.1: Three-digit grasp manipulandum.
an independent and controllable fashion, by suitably regulating the
inner pressure of three pneumatic tactile displays ( [A1]). At the same
time, all forces and torques acted by the user can be measured using
three 6-axis Force/Torque (F/T) sensors, one for each contact point.
These measurements, together with the information on finger inden-
tation, can be used to estimate contact point location on the surface.
To validate the model of the manipulandum and the correctness of
the force-torque measurements, I checked that the external wrench wf
derived from the three force-torque sensors placed under each finger
was equivalent to the external wrench we measured by the fourth sen-
sor placed at the basis of the manipulandum. Apart from numerical
errors, the two estimates are equal. An important skill of this device
is the capability to change on line the stiffness of the contact points.
This device might be profitably used for finger and hand motor and
force rehabilitation as well as for studies of human grasp, e.g. to an-
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2.1 Three-digit grasp haptic device with variable contact
stiffness for rehabilitation and human grasping studies
alyze the effects of an abrupt change of compliance on the control of
the finger forces for the simulation of a break-up of an object (e.g.
when normal force exceeds some threshold). Furthermore, contact
point information can be used to compute "force-focus", which is an
important parameter in grasping studies with humans (see e.g. [17]).
By enabling a complete force data recording, user performance can
be monitored and this information used to drive an effective design of
the rehabilitative therapy.
2.1.1 Material and methods
The three-digit grasp manipulandum was designed to be grasped with
the thumb, index and middle fingers with the palm above the object,
in the tripod grasp configuration (see fig. 2.1). A bubble level was
attached in front of the manipulandum axis to indicate when the
structure is parallel to the horizontal plane (see fig. 2.2).
Figure 2.2: An overview of the manipulandum.
To vary the contact point stiffness in an independent and control-
lable fashion, three CASR (Contact Area Spread Rate) displays [74]
were located under the contact surfaces. The CASR device is a pneu-
matic softness display that consists of a set of aluminium cylinders of
23
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different radii, assembled in a telescopic arrangement (see fig. 2.3).
For each device, a pneumatic regulator (SMC-ITV2031-21N2L4, SMC
Corporation, Noblesville, IN, USA) controlled the air pressure (0.05
- 0.5 MPa) proportionally to an electrical signal (0 - 5 V) in a step-
less manner. The extension (or indentation) of the device was mea-
sured with a Hall-effect sensor placed in the inner chamber of the
device. A more detailed description of the CASR displays can be
found in [74,75].
TOP VIEW
CASR DISPLAY
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Figure 2.3: Manipulandum: sketch of the internal structure. Refer-
ence frame (purple), contact frame (blue), sensor frame (green).
Each CASR display was covered with a sliding rigid cap that was
used as contact surface. The reason to use caps instead of the bare
display was to reduce slippage and to avoid any “hooking” effect due
to the highest CASR cylinder interacting with the soft finger pad tis-
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2.1 Three-digit grasp haptic device with variable contact
stiffness for rehabilitation and human grasping studies
sue. A short tube fixed to the structure guided the movement of the
caps and the caps were covered with a latex sheet to increase fric-
tion. When the subject pushed against the cap/contact surface, the
device displayed a reaction force correlated with the pressure, realiz-
ing the desired force-displacement relation. Each CASR display was
characterized using an uni-axial testing machine “Z005 Zwick /Roell”.
The maximum stiffness coefficient obtainable is 5 N/mm. The stiff-
ness range can be chosen on the basis of the rehabilitation level: the
higher the stiffness, the more difficult the task. At the same time, the
measurements of the contact forces can be exploited to assess patient
performance and be used to eventually drive the design of further
steps in therapy.
As previously mentioned, three force-torque sensors (Series Nano
17 by ATI, Apex, NC, USA) were positioned below each CASR display
to measure the force and torque components applied by each finger.
For the sake of readability, these components are collected in Sw =
[Sfx,
S fy,
S fz,
S tx,
S ty,
S tz]
T expressed w.r.t system of reference S with
S = 1, 2, 3 for thumb, index and middle finger, respectively (see fig.
2.3).
The total weight of the manipulandum, including the sensor cables
and pneumatic valves, was 353 g. It can be easily changed to 400 g and
600 g by adding two external weights at the basis of the structure.
The weight of the manipulandum can be used as a second degree
of freedom to control the complexity of the task and hence set the
rehabilitation level. A fourth force/torque sensor placed at the basis
of the structure provides an independent measure of the weight of the
manipulandum and external wrench, when the object is lifted.
The position of the contact point SP ∈ R3 (i.e. with components
[Spx,
S py,
S pz]
T ) is expressed w.r.t. S and depends on the indentation
of the CASR device (fig. 2.4). Let L + rS be the distance between
the sensor and contact surface, where rS is the indentation of the
device measured by the Hall-effect sensor (range 0-6 mm) and L is an
offset corresponding to the fixed part of the CASR device. Using the
approach described in [76], the position of the contact point can be
25
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obtained as:
sW=[Sfx,)Sfy,)Sfz,)Stx,)Sty,)Stz]T)
L) rS)
F/T)
SEN
SO
R)
CASR)
xS#
zS#
yS#
SP=)[Spx,)Spy,)Spz]T){s})
xC#
zC#
yC#
{C})
Figure 2.4: Contact point of the fingertip on the cap placed over the
CASR display.
SP =
(S f¯ ×S t+ (L+ rS)· ‖S f¯ ‖ ·Sf)
‖S f¯ ‖2 (2.1)
where Sf and St are the contact force and torque measured by the
force-torque sensor while S f¯ = [0, 0,S fz]T . Coherently all the contact
points are on the planar surface available to touch.
The contact point algorithm transports Sf and St in frame C, with
the contact point on the cap surface (see fig. 2.4). Then forces and
torques expressed in C are transported in R and collected in a vector
F ∈ R18, whose components are [Rf i,R ti] where i = 1, 2, 3 refers to
thumb, index and middle finger, respectively. R is the reference frame
placed at the center of gravity of the manipulandum (see also fig. 2.3).
The following equation relates the contact force vector F ∈ R18 to
the external wrench wf ∈ R6
wf = GF (2.2)
where G is the grasp matrix
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G =
 I3 03×3 I3 03×3 I3 03×3
s(1P ) I3 s(
2P ) I3 s(
3P ) I3
 . (2.3)
and s(SP ) is the cross-product matrix for SP (i.e. the skew sym-
metric matrix such that s(SP )(Sf) =S P × (Sf)).
When the object is lifted and held stationary, the external wrench
wf corresponds to the weight of the device plus the cables of the
sensors and pneumatic air.
To validate the model of the manipulandum and the correctness
of the force-torque measurements, I checked that the external wrench
wf derived from the three force-torque sensors placed under each fin-
ger was equivalent to the external wrench we measured by the fourth
sensor placed at the basis of the manipulandum. Apart from nu-
merical errors, the two estimates should be equal and the following
relationship should be verified as it follows
we − wf = we −GF = 0. (2.4)
2.1.2 Validation and Results
In this section, I report some row-data obtained with two different
stiffness combinations. The same subject lifts the object to achieve
the equilibrium on the horizontal plane. In the first case (see fig. 2.5),
the stiffness combination is: 1.4 N/mm (thumb), 1.4 N/mm (index),
4.5 N/mm (middle). In the second case (see fig. 2.7), the stiffness
combination is: 4.5 N/mm (thumb), 4.5 N/mm (index), 1.4 N/mm
(middle).
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Figure 2.5: The picture shows the force distribution during the lift
and hold of the manipulandum. The stiffness combination at contact
points is: 1.4 N/mm (thumb), 1.4 N/mm (index), 4.5 N/mm (middle).
Normal force values during the grasp. The sampling rate is 5.5 Hz.
The black line splits the lift phase from the hold phase.
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Figure 2.6: The picture shows the average of force components during
the hold phase, together with finger indentation, for each finger. The
stiffness combination at contact points is: 1.4 N/mm (thumb), 1.4
N/mm
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Figure 2.7: The picture shows the force distribution during the lift
and hold of the manipulandum. The stiffness combination at contact
points is: 4.5 N/mm (thumb), 4.5 N/mm (index), 1.4 N/mm (middle).
Normal force values during the grasp. The sampling rate is 5.5 Hz.
The black line splits the lift phase from the hold phase.
Index Middle
Thumb
0.7 mm
1.4 mm0.3 mm
1 N
ZR
YR
XR
Figure 2.8: The picture shows the average of force components during
the hold phase, together with finger indentation, for each finger. The
stiffness combination at contact points is: 4.5 N/mm (thumb), 4.5
N/mm (index), 1.4 N/mm (middle). Average of force components
during the hold phase.
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To illustrate some examples of contact force measurements with
different stiffness levels, I report some plots of the forces measured by
the device on the horizontal plane (see figg. 2.6 and 2.8). These figures
show that the position of the contact surfaces (red lines) changes as
a function of the magnitude of the contact force and the stiffness
displayed by the CASR device. For example, figg. 2.6 and 2.8 show
the thumb forces with low and high stiffness level. Consequently the
indentation decreases while the force increases.
I report also some preliminary analyses that were made to validate
the device and provide some examples of contact force measurements
obtained with different stiffness levels. Eight male right-handed sub-
jects (their age ranged from 20 to 30) gave informed consent to par-
ticipate in the study. No subjects reported physical limitations, such
as nerve injury or finger trauma. All data collected in this study was
approved by the University of Pisa Ethical Committee. Subjects were
asked to grasp the manipulandum (that was leaning on a horizontal
plane) with their right hand, using a tripod grasp, lift it (about 10-15
cm), and hold it until the measurement was achieved. The measure-
ment took about 5 seconds and it started when the subject reached the
grasp equilibrium position using the bubble level. After this phase,
subjects re-allocated the device on the table and they came back again
to the rest position.
Comb. T. Stiff.(N/mm) I. Stiff. (N/mm) M. Stiff. (N/mm)
A 1.4 (low) 1.4 (low) 1.5 (low)
B 1.4 (low) 1.4 (low) 4.5 (high)
C 1.4 (low) 4.5 (high) 1.4 (low)
D 1.4 (low) 4.5 (high) 4.5 (high)
E 4.5 (high) 1.4 (low) 1.4 (low)
F 4.5 (high) 4.5 (high) 1.4 (low)
G 4.5 (high) 1.4 (low) 4.5 (high)
H 4.5 (high) 4.5 (high) 4.5 (high)
Table 2.1: Stiffness combinations.
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2.1 Three-digit grasp haptic device with variable contact
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There were eight experimental conditions, which corresponded to
different combinations of stiffness levels (1.4 N/mm and 4.5 N/mm)
at each contact point (see table 2.1). Subjects lifted the object 10
times for each stiffness combination for an overall number 80 trials.
The sequence of trials was randomized each time.
To validate the correctness of the manipulandum model and mea-
surements, I verified whether equation (2.4) was satisfied. Figg. 2.9
and 2.10 report the differences between the two independent esti-
mates of the external wrench averaged across trials and subjects for
each condition. The equilibrium equation is satisfied with average er-
ror values for the force components less than 0.06 N and 4 N mm for
the torque components. These results validate the reliability of the
measures of the device.
In this section I have presented an haptic system that is able to
vary the stiffness of the contact points in an independent and con-
trollable fashion, by suitably regulating the inner pressure of three
pneumatic tactile displays. At the same time, the contact forces ex-
erted by users in tripod grasp experiments were measured and used to
estimate the contact point. Results analysis validates the correctness
of the measurements in different stiffness conditions.
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Figure 2.9: The plot shows force error component (mean ± standard
deviation) behaviour along the x-axis (red), the y-axis (blue) and the
z-axis (black) w.r.t. reference frame R.
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Figure 2.10: The plot shows torque error component (mean ± stan-
dard deviation) behaviour around the x-axis (red), the y-axis (blue)
and the z-axis (black) w.r.t. reference frame R.
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studies
2.2 An instrumented manipulandum for hu-
man grasping studies
In this work [A2], I propose a modular manipulandum to be used
in tripod grasp studies (see also 2.12), where the contacts can be
easily changed thanks to a mechanical system. Compare to the pre-
vious work this device provides some new skill: (i) contact surface
with more degree of freedom, (ii) a compensation of force/torque off-
sets and estimation of the mass and center of mass of the device, for
different orientations and configurations in the workspace, (iii) dif-
ferent stiffness properties for the contact points, i.e. rigid, compliant
non-deformable and compliant deformable, thus allowing to study the
effects of cutaneous cues in multi-fingered grasps.
Figure 2.11: The manipulandum with its main features.
These contacts can be rigid or consist of silicone specimens. The
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latter ones can be covered with a rigid surface, thus enabling contact
point estimation using the algorithms and techniques reported in [76]
and the integration with a motion capture system to estimate surface
orientation. Indeed, in this case, where the surface can assume differ-
ent orientations, contact point estimation would be not possible only
using F/T measurements. Without the rigid cap, users can interact
with a naturalistically deformable surface, thus enabling a proper us-
age of cutaneous information for grip control, while F/T quantities
were recorded. Furthermore, the ease to change the contact modules
and the modularity of the architecture can be used to increase/mod-
ify the number of contacts. Additionally, I suitably exploited the
techniques reported in [77], [78] to define a procedure to handle F/T
sensor offsets and to estimate the inertial parameters of the device
(w.r.t. the local frame of each force sensor) in static conditions, i.e.
the mass and the coordinates of the center of mass. In this manner
the manipulandum can be profitably used for grasping experiments in
any arbitrary configuration, since it allows to correctly define contact
force/torque and external wrench components and to obtain reliable
force measurements. In this work I first describe the mechanical de-
sign of the manipulandum and report and validate the contact point
detection techniques. The effect of a correct estimation of the F/T
offset and inertial parameters on contact point determination is then
analyzed in different manipulandum orientations and applied forces.
Finally, the effectiveness of the here reported approach is shown in
some grasps experiments, where the device is held in various orien-
tations, while the residual errors between the external wrench and
the measured contact forces through the estimated grasp matrix are
computed.
2.2.1 Material and methods
The instrumented manipulandum includes three contact surfaces which
can be grasped with a tripod layout. In our experiments, the thumb
in opposition to the index and middle finger were used to grasp the
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2.2 An instrumented manipulandum for human grasping
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manipulandum, palm down. Each contact surface consists of a con-
tact module that can be easily attached/detacched to/from the struc-
ture of the manipulandum, through an interface engineered in ABS
rapid prototyping material. The structure of the manipulandum was
fabricated in aluminium using CNC (Computer Numerical Control)
machine to ensure structural rigidity.
Each contact module consists of a cylindrical base in ABS (rigid
case, Young Modulus 1.4 GPa) or silicone. The silicone was ob-
tained by mixing a given quantity of a commercial bicomponent, room
temperature-curing silicone (BJB TC-5005A/B), with a percentage of
plasticizer (BJB TC-5005C), acting as a softener of 20%. The Young
modulus of the silicone is 510 kPa [79]. By changing the percentage
of plasticizer, the stiffness of the contact also changes.
The contact modules can come endowed with a rigid cap in ABS,
where the receiver of the Polhemus magnetic system 1 (Colchester, VT
-US) is attached trough a rigid arm/support. The emitter is placed on
the bottom part of the manipulandum. In this manner, the position
and orientation of the cap surface can be measured w.r.t. the emitter
frame
{
E
}
. An additional receiver is attached to the table where
the manipulandum is placed in rest conditions see fig. 2.11. In this
manner, an inertial reference frame
{
0
}
can be defined. For further
details please refer to fig. 2.20.
Three force-torque sensor (Series Nano 17 by ATI, Apex, NC,
USA) were positioned below the interface where the contact modules
are attached/detached to measure the force and torque components
applied by each finger.
In this manner three experimental conditions can be set: (i) rigid
(ABS module, w or w/o rigid cap); (ii) compliant non-deformable
(silicone with rigid cap); (iii) compliant deformable (silicone w/o rigid
cap). In condition (iii) only the F/T components can be estimated,
since the algorithm used for contact point detection in [76] requires
information on surface orientation, which can not be achieved without
1The static accuracy of the Polhemus system, in terms of Root Mean Square
Error (RMS) is 0.03 in ∼= 0.762mm for the position and 0.15◦ for the orientation
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Polhemus system. Future works will be devoted to find a manner to
estimate contact surface orientation also in this case, for example
through Finite Element (FE) modeling.
The total weight of the manipulandum, including the sensor ca-
bles, is around 540 g, but it might be easily varied. A fourth F/T
sensor placed at the basis of the structure provides an independent
measure of the weight of the manipulandum and external wrench,
when the object is lifted.
An exploded drawing view of the manipulandum with dimensions
is reported in fig. 2.12.
All the systems are integrated and synchronized in Simulink (Mat-
lab R2012a) with Simulink Block for Real Time Execution and each
acquisition is performed at 100 Hz.
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Figure 2.12: Exploded drawing view of the manipulandum and its
main features with dimensions in [mm].
2.2.2 Contact Point Estimation
In order to estimate fingertip contact points on the tripod during grasp
tasks, I use the Intrinsic Tactile Sensing Algorithm (ITSA, for more
details see also [71] and [76]). Briefly, the ITSA can compute contact
points from F/T measurements and from the knowledge of the shape
equation of the surfaces fixed on the F/T sensor (see fig. 2.13). For
the sake of clarity, here, I recall the ITSA for a single tactile surface
of the tripod considering that the algorithm can be easily replicated
for all the contact surfaces. The position of the contact point Sc ∈ R3
(i.e. with components [Scx,S cy,S cz]T ) is expressed w.r.t. force sensor
37
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Figure 2.13: Application of the Intrinsic Tactile Sensing Algorithm
(ITSA) on a contact surface of the tripod. Main features for the
contact point detection are highlighted.
reference frame
{
S
}
. Let h ∈ R3 (with components [hx, hy, hz]T )
be the offset of the surface fixed on the F/T sensor, achievable via
Polhemus measurements. The position of the contact point can be
obtained as:
Sc =
(S f¯ ×S t+ h ‖S f¯ ‖S f)
‖S f¯ ‖2 (2.5)
where Sf ∈ R3 and St ∈ R3 are the contact force and torque measured
by the force-torque sensor while S f¯ = [0, 0,S fz]T . Coherently all the
contact points are on the planar surface available to touch. It is
possible to notice that the ITSA not only detects the contact point
but also computes its related forces p ∈ R3, torques q ∈ R3 and contact
normal n ∈ R3 (see also fig. 2.13 for more details). For measurement
homogeneity, for each contact surface, after the application of the
ITSA and, thus, the detection of the contact point, sensor frame was
transported
{
S
}
into the inertial frame
{
0
}
.
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2.2.3 F/T Compensation
In order to achieve reliable F/T measurements, it is important to
handle and compensate the offsets that can corrupt the estimation
results. Although different factors (e.g. temperature) can determine
it, such an offset is mainly due to the wrench exerted on the sensor
by the part of the manipulandum attached on it, i.e. the part of
manipulandum placed on the top of the sensor (like an object attached
to the end-effector of a manipulator, where the sensor is the end-
effector) and which would provide non-zero measurements even in the
rest conditions.
Usually, this problem is solved by zeroing the sensor in a known
configuration before each acquisition. However, when the manipu-
landum is arbitrarily placed in space, it is important to estimate the
mass and the center of mass coordinates (the latter ones are not in-
variant w.r.t. translation and rotation) of the structure attached to
the sensor, to enable a correct offset compensation. To properly han-
dle these problems, I suitably implemented and applied the techniques
described in [77, 78]. To do this, I collected F/T measurements in a
large number of manipulandum configurations (larger than 3000) in
the workspace, while the reference system of the sensors
{
S
}
(whose
position w.r.t. the receiver sensor is known) can be computed w.r.t.the
inertial one from the Polhemus measurements.
For the fourth sensor, the estimation procedure will lead to the
identification of the components of the external wrench that will be
used in the grasp equation. In our case, this estimation is conducted
in static conditions, i.e. the inertial parameters are zero, except for
the mass and the center of mass of the part of the manipulandum
attached to the sensor. Without loss of generality, I report the proce-
dure only for the fourth sensor. The parameters to be estimated are:
the mass of the object attached to the sensorm, the center of mass co-
ordinates ([Mx,My,Mz] ∈ R3) expressed in the sensor frame
{
S
}
and
the offset vector components (of force and torque) w.r.t.
{
S
}
, i.e.
[fB, τB] ∈ R6. The F/T readings are collected for each i-th sample
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in the external wrench vector defined as wi = [fx, fy, fz, τx, τy, τz]T
w.r.t.
{
S
}
, while the vector composed with all the unknowns is
φ =
[
m Mx My Mz fB τB
]T
w.r.t
{
S
}
. In this manner, it’s
possible to write:
wi =
 (SR0)(−g¯) 03×3 I6×6
03×1 ∧((SR0)(g¯))
φ (2.6)
where g¯ is the gravity vector w.r.t the inertial reference frame
{
0
}
,
0RS is the rotation matrix to transport
{
0
}
into
{
S
}
and ∧(·) is the
skew-operator.
For the i-th wrench recording, I can define
Ai =
 (0RS)−1(−g¯) 0 I6×6
0 ∧((SR0)(g¯))
 (2.7)
If I collect n (n >> 1) wrench recordings, I can define the linear
system
W =

w1
w2
...
wn
 =

A1
A2
...
An
φ = Aφ. (2.8)
It is then possible to estimate all the unknown parameters as
φ = A†W (2.9)
where † is the Moore-Penrose pseudoinverse. Once the mass m
and the center of mass of the part of the manipulandum attached to
the fourth sensor, i.e. above the fourth sensor, are estimated, and
hence the offset of F/T measurements, it is possible to individuate
40
i
i
“Main” — 2015/7/13 — 8:57 — page 41 — #26 i
i
i
i
i
i
2.2 An instrumented manipulandum for human grasping
studies
the external wrench components w.r.t.
{
0
}
. The offset-corrected
F/T measurements provided by the sensor can be expressed w.r.t.
the frame
{
B
}
, which is placed at the estimated center of mass. The
weight in
{
B
}
can be obtained by multiplyingm for the gravity vector
g¯ (expressed in
{
B
}
). Finally the weight and the measured forces can
be algebraically summed and expressed in
{
0
}
. In this manner the
components of the external wrench in
{
0
}
can be obtained as well as
reliable F/T readings in any workspace configuration, as it is shown
in fig. 2.20.
2.2.4 Experiments on Contact Position
To test the accuracy of the contact point detection, we use the ABS
contact surface shown in fig. 2.14 where five aluminium dowel pins
(diameter 2 mm, height 0.5 mm) with known dimensions and positions
w.r.t the center of the contact surface were placed. Each spike was
touched 10 times with a thin tip and the ITSA was applied after F/T
compensation procedure described in Section 2.3. Four different con-
ditions are considered: ABSi, ABSti, SILICONEi, SILICONEti.
The labels ABS and SILICONE indicate the materials of the con-
tacts under the rigid ABS plate where the spikes were placed. The
subscript “i” indicates that the manipulandum was tilted w.r.t. the
horizontal plane (approximately 30◦) and normal forces to the surface
were applied within the range from 2 to 10 N and tangential forces
were from −1 to 1 N; “ti” indicates that the manipulandum was tilted
(approximately 30◦) and the normal forces were from 2 to 5 N and
the tangential forces were within the range from −3 to 3 N.
Estimated contact points are shown in figg. 2.15, 2.16, 2.17, 2.18.
The error is computed as the absolute difference between the radial
distance from the estimated contact point and the center of the spike
and the radius of the spike. In Table 2.2, we report the error averaged
across all trials and spike locations with related standard deviation
for each test type. Even if the silicone case in tilted condition with
large tangential forces exhibits the largest mean error, probably due
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Figure 2.14: Testing
plate
Figure 2.15: ABSi Figure 2.16: ABSti
Figure 2.17: SIL.i Figure 2.18: SIL.ti
Figure 2.19: ITSA contact point detection accuracy in different con-
ditions. Red points represent contact point positions estimated by
ITSA.
to a non correct coupling between the silicone surface and the ABS,
the algorithm for contact point detection with F/T compensation still
provides satisfactory results (the average error is under 1 mm). The
results are comparable with those reported in [71].
42
i
i
“Main” — 2015/7/13 — 8:57 — page 43 — #27 i
i
i
i
i
i
2.2 An instrumented manipulandum for human grasping
studies
Tests Mean Error Standard Deviation
ABSi 0.24 mm 0.20 mm
ABSti 0.28 mm 0.20 mm
SILICONEi 0.50 mm 0.31 mm
SILICONEti 0.90 mm 0.65 mm
Table 2.2: Estimation errors for ITSA. ABS and SILICONE refer
to ABS rigid contacts and silicone contacts, respectively.
2.2.5 Validation On Grasping and Results
X"
Y" Z"
{B}"
{0}"
{S}"
g"
{E}"
{P1}"
{P2}"
Polhemus"receiver""
Polhemus""receiver""
Figure 2.20: The manipulandum structure with reference frames and
components reported.
To properly validated the effectiveness of the manipulandum and
of the methods here described (contact point detection and F/T com-
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pensation for different configuration of the device in the workspace),
I compute the following equation, which relates the contact force vec-
tor F ∈ R18 to the external wrench wf ∈ R6 (expressed in
{
0
}
), for
different manipulandum orientation
wf = GF (2.10)
where G is the grasp matrix, ∧(·) is the skew-matrix operator and C1,
C2 and C3 are the contact point calculated through ITSA and with
F/T compensation
G =
 I3 03×3 I3 03×3 I3 03×3
∧C1 I3 ∧C2 I3 ∧C3 I3
 . (2.11)
When the object is lifted and held stationary, the external wrench
wf corresponds to the weight of the device plus the cables of the
sensors.
To validate the model of the manipulandum and the correctness
of the force-torque measurements, I checked that the external wrench
wf derived from the three force-torque sensors placed under each fin-
ger was equivalent to the external wrench we measured by the fourth
sensor placed in the basis of the manipulator. Apart from numerical
errors, the two estimates should be equal and the following relation-
ship should be verified
we − wf = we −GF = 0 (2.12)
The absolute residual error is computed as : |we −GF |. I computed
the absolute error for 10 different configurations of the manipulandum,
with rigid and deformable compliant contacts. The absolute average
errors are reported for the two conditions in Table 2.3.
In this case, errors are comparable with the one reported in [A1]
and between the two contact conditions, despite the different orien-
tations of the manipulandum, the uncertainties introduced by the
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2.2 An instrumented manipulandum for human grasping
studies
Components ABS SILICONE
fx 0.0725 ± 0.0589 0.0496 ± 0.0422
fy 0.0769 ± 0.0603 0.0470 ± 0.0408
fz 0.1150 ± 0.0738 0.1327 ± 0.0763
τx 9.7638 ± 3.4614 12.2726 ± 2.5275
τy 2.8398 ± 2.2499 1.8448 ± 1.4165
τz 3.7975 ± 2.4095 6.4420 ± 3.8180
Table 2.3: Average absolute residual error with standard deviation for
different manipulandum configuration. ABS and SILICONE refer
to ABS rigid contacts and silicone contacts, respectively. fx, fy, fz,
τx, τy, τz refer to the force and torque components w.r.t.
{
0
}
.
Polhemus and those due to the interface between the contact mod-
ules and the cap. These results validate the reliability of the here
proposed techniques. A short video of device capabilities is uploaded
at [B6].
In this paper I have presented a modular manipulandum that can
be used to study force distribution in human grasp for tripod layouts.
The device allows to independently change each of the contact mod-
ules, thus varying contact stiffness.
The manipulandum combines F/T sensing and motion tracking
technology to provide a complete characterization of the contact forces
and moments applied on the contact surfaces of an object in any ar-
bitrary orientation. This work represents a great technological ef-
fort to integrate different methods and technical solutions, such as
(i) the algorithm described in [76] to estimate contact point loca-
tion for varying-orientation contact surfaces and (ii) the procedures
described in [77, 78] to handle force/torque offsets and estimate the
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mass and the center of mass of the device in different orientations.
In addition, given the modularity of the architecture and the simple
mechanism used to attach/detach the contact modules, this structure
can be easily modified in order to study different multi-finger grasp
configurations. In particular, this mechanism can be used to change
easily the stiffness properties of the contact surface, thus enabling the
study of the effects of cutaneous cues in human grasps.
2.3 Neuroscientific Studies and Applications
As noted in Chapter 1, only a few human studies have investigated
the control in multi digit grasp when holding a deformable objects.
The devices described here can be used to investigate different motor
control issues. One of this issue is whether contact forces are directly
controlled by the Central Nervous System (CNS) or if they result from
the interaction between central commands from the CNS and biome-
chanical properties of the human hand. As demonstrated by a large
number of recent studies (e.g. [13], [80]), control can be simplified by
letting the fingers mold themselves around the object. However, it is
still not clear how such control occurs in human grasp and the relative
importance of force control and passive properties of the hand is highly
debated in motor control [49]. In this respect, it is noteworthy that
these devices provides a way to manipulate the contact compliance un-
der each digit separately, which is crucial to understand interaction
between digits [18]. At the same time, the devices can provides nec-
essary information about the position of the fingertip (contact point)
on the object, which is crucial in the analysis of the grasp. This fact
together with the possibility to use the device [A2] in any configu-
ration by compensating sensor offset and estimating device inertial
parameters can be profitably exploited to investigate models on force
control distribution, e.g. equilibrium point [51] and/or virtual finger
hypothesis [16], in any arbitrary orientation of the manipulandum,
thus enabling a more ecological interaction.
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2.4 Conclusions
The manipulandum presented in [A2] also offers the possibility to
investigate the contribution of different sensory cues in softness per-
ception, when the silicone cylinders are grasped with and without a
rigid cover. It has been suggested that tactile system can provide a
direct information about the softness of a deformable object when it is
touched with the naked fingertip. In this case, the rate of change of av-
erage pressure is invariant with respect to indentation velocity and the
object stiffness might be directly encoded in the population response
of SAI mechanoreceptors [81]. In contrast, when the deformable ob-
ject is touched with a rigid probe or when the surface of the compliant
object is rigid, it is necessary to integrate proprioceptive and tactile
information. For example, stiffness might be estimated from infor-
mation about the rate of force and indentation velocity provided by
tactile and kineasthetic inputs.
2.4 Conclusions
These devices are validated and usable for neuroscientific studies on
human grasp force distribution and control. This part of the thesis
contributes to advance the state of the art of “object-side” approaches
for force measurements and to enable the investigation of the different
factors that influence human grip control. Applications in rehabilita-
tion scenarios to assess the outcomes of rehabilitation therapies will
be also evaluated. In the second part of the thesis the tripod de-
vices are profitably used to investigate some aspects of human motor
control.
47
Sensorized Object approach
48
i
i
“Main” — 2015/7/13 — 8:57 — page 49 — #30 i
i
i
i
i
i
Chapter3
Wearable approach: Thimblesense,
a fingertip-wearable tactile sensor
for grasp analysis
In this chapter, I tested and validated the “ThimbleSense” system (see
3.1) a new wearable individual digit force/torque sensor developed and
presented by E.Battaglia in [82]. This system aims to integrate the
grasp analysis achievable with tripod devices presented in the Chap-
ter 2 where the position of the contact surfaces is fixed. Thimble-
Sense allows to obtain measurement of contact forces between hand
and grasped objects without constrains on the hand postures. The
main advantage of this approach with respect to more conventional
solutions is the possibility of being versatile without losing accuracy:
instead of building many sensorized objects for different experiments,
it is possible to employ ThimbleSense to study grasps of a variety of
objects, while still retaining the complete force/torque measurements.
Unfortunately, ThimbleSense rigid shells are interposed between the
fingertip and grasped object. This inevitably modifies the physiolog-
ical mechanical deformation that would otherwise occur at the bare
fingerpad in direct contact with objects. An experiment shows that
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Figure 3.1: A ThimbleSense device.
excessive grip forces are attenuated with training as the subjects fa-
miliarizes him/herself with the ThimbleSense. This effect evidences
that sensorized object and wearable object are both necessary to in-
vestigate different aspects of human grasp. In this work I briefly intro-
duce the concept and the implementation of individual-digit wearable
force/torque sensors, later I present some experiments to validate the
device [A3]. In particular, my contributions in this work are: (i) to
define a procedure to handle F/T sensor offsets and to estimate the
inertial parameters of the device in static conditions, (ii) to validate
the measures of the device with some experiments. Results evidenced
that internal forces estimated with the ThimbleSense are inside the
null space of the grasp matrix.
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3.1 Concept and Implementation
3.1 Concept and Implementation
In this section I briefly described the concept and the implementation
of ThimbleSense Device using a generic structural mechanics problem
formulation.
Figure 3.2: The concept of ThimbleSense.
Without loss of correctness, the mechanic system including finger
and ThimbleSense can be simplified as 2D example shown in Fig. 2a.
A rigid body A, attached to a frame, withstands a force P applied
on a point O at position l, perpendicularly with respect to its main
axis. Let us suppose that a sensor S, able to measure force F and
torque M applied on its surface, is available where a force is acted on
a rigid object in the point P . The ThimbleSense device, non-invasive
to the finger, works as show in Fig. 3.2: by assembling the sensor S
between the object A and a properly designed shell B, the system
minimizes alteration to the way the load is applied. The system is
developed to be placed on the finger without completely altering the
grasp with interposition of a cumbersome object between the finger
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and the contact.
Following this concept, a F/T sensor is assembled between an inner
and an outer shell separated by a gap.
The finger finds its accomodation inside the inner shell, and once
the outer shell gets in contact with an object the action applied is
routed though the sensor, which constitutes the only mechanical cou-
pling element between the two shells. Owing to this a complete mea-
surement of forces and torques can be obtained: thus, since the ge-
ometry of the external support is known, it is possible to obtain the
position of the contact centroid of the loading force P , through the
algorithm defined in [76].
A number of factors must be taken into account to obtain a func-
tional design, namely:
• Size: the device must be as small as possible, to minimize en-
cumbrance. Consequently, all layers between finger and exter-
nal surface of the outer shell must be as thin as possible; at the
same time they need to be thick enough to keep the outer shell
separated from the inner shell when a load is applied.
• Weight : the device needs to be light, to minimize the effort
necessary to move it. For this reason a material with a high
stiffness/weight ratio should be chosen.
• Ergonomics : the device must be shaped in such a way as to
leave finger movements unhindered, as much as it is possible.
Overall, the grasping process should ideally be unaffected, and it
should be possible to seamlessly place five devices, one on each fin-
ger, without them excessively interfering with hand movements and
grasping capabilities. However, it is natural to expect that wearing a
rigid shell over the finger will somehow alter the grasping process: this
problem has been subject of study in [83], where it was shown that
wearing a rigid shell on fingers significantly alters haptic recognition
of common objects. The validation procedure presented in ( [A3]) will
address this issue.
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3.2 Weight Bias Compensation
To finalize the mechanical design of the ThimbleSense shells, the
ATI nano 17 six axis F/T sensor was selected: the sensors used in
all experiments performed for this work had SI-50-0.5 calibration. To
obtain a friction coefficient on the thimble shell comparable with the
human skin, an artificial fingerpad built with latex and rubber was ap-
plied to the outer shell, in order to mimic the natural friction behavior
of human skin. The position and the orientation of the ThimbleSense
in a global reference frame B are measured with a motion capture
system (Phase Space, [84]). A support with four LED markers is at-
tached to each thimble to obtain redundancy on the measurements.
The algorithm in [85], is exploited to estimate the position of the
thimble in the reference frame B. Finally all the Force and torques
measured by the sensor are expressed w.r.t B. To achieve reliable F/T
measurements, it is important to compensate the offset generated by
the weight of the outer shell and LED support that can corrupt the
force measurements. While in static conditions this problem is solved
by zeroing the sensor before each acquisition, if the thimbles are ar-
bitrarily placed in space it is necessary to compensate the bias on
measurement, which can be done from knowledge of the mass and
center of mass of the structure attached externally to the sensor by
exploiting the technique described in [14] and [15]. An exploded view
of the ThimbleSense and the complete set-up are shown in Figg. 3.3a
and 3.3b
3.2 Weight Bias Compensation
To avoid measurement errors the F/T sensors need to be zeroed before
each acquisition. This static zeroing cannot however take into account
the bias that a body attached to the sensor induces with its weight
when orientation changes. In this case it is possible to compensate
for the weight-induced bias from knowledge of the mass and of the
center of mass coordinates of the structure attached. In particular I
used the techniques described in Section 2.3, applying it on data ac-
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OUTER
SHELL
INNER
SHELL
F/T
 SENSOR
(a) Exploded view. (b) ThimbleSense set-up.
Figure 3.3: The ThimbleSense.
quired during a motion for which the thimbles orientations were slowly
changed around the whole workspace, with no object being grasped.
Under these conditions the dynamic actions can be neglected and the
F/T measurements collected can be ascribed only to the weight of the
external shell and the ABS support.
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Figure 3.4: Measurement errors during calibration with and without
bias removal on Thumb.
In Fig.3.4 shows measurements of the norm of force and torque for
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3.3 Validation and Results
Force (N) Torque (Nmm)
Thumb 0.03 0.12 0.61 2.16
Index 0.03 0.09 0.53 1.84
Middle 0.03 0.11 0.69 2.15
Ring 0.03 0.11 0.68 1.95
Little 0.04 0.11 0.82 1.80
Table 3.1: RMSE for each finger during calibration: with and without
weight compensation.
the thumb, with and without compensation. It can be seen that the
error with respect to the expected zero value is consistently lower when
weight compensation is applied. Similar results are observed for the
other fingers, and application of the weight compensation produces
errors that are systematically lower, as quantified numerically by the
Root Mean Square Errors in Tab.3.1.
3.3 Validation and Results
In this section I propose a validation of the device that uses the classic
robot grasping analysis [86]. A subject (male, age 27) was asked to
grasp two balls of different weights while wearing ThimbleSense on
fingertips. The first was a soft ball (mass m1 = 0.053 Kg, radius
R1 = 50 mm) and was grasped with the whole hand (number of
fingers used nf = 5), while the second was a tennis ball filled tightly
with iron (massm2 = 0.32 Kg, radius R2 = 33 mm), and was grasped
with four fingers (nf = 4) owing to its smaller radius. In both cases
the subject was instructed to lift the ball, squeeze it while holding it
still with forces of different intensities, and put it down again. The
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Figure 3.5: Experiment
setup.
Figure 3.6: Ball grasp and
reconstruction.
validation procedure consisted of two different experiments: in the
first one the goal was to verify that the grasp equilibrium condition
was fulfilled during the holding phase, while for the second I checked
that the internal force variation was inside the null space of the grasp
matrix.
3.3.1 Experiments 1
In this section I illustrate a procedure to verify that using nf fin-
gers to grasp an object, the vector of measured generalized forces
t ∈ R6nf , obtained from the fingertips measurements provided by
ThimbleSenses, was correctly related to the applied external wrench
w ∈ R6 by the grasp equation
w = Gt, (3.1)
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3.3 Validation and Results
which should be verified under quasi-static conditions. The grasp
matrix G ∈ R6×6nf can be written as
G =
 I3 03×3 . . . I3 03×3
∧c1 I3 . . . ∧cnf I3
 , (3.2)
where ∧(·) is the skew-matrix operator and c1 . . . cnf are the contact
points coordinates calculated through the intrinsic tactile sensing al-
gorithm, expressed in a reference system with origin in the center of
mass of the ball b and oriented as the fixed base frame B.
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m1 = 0.053Kg.
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m2 = 0.32Kg.
When the ball is lifted and moved slowly, inertia actions can be
neglected and the wrench wf is only influenced by the weight of the
object.
Since the ball mass m is known, a nominal value can be assigned
for the external wrench w = w¯ = [0, 0,−mg, 0, 0, 0]T , with g = 9.81
m/s2. The residual error e is thus computed as
e := w¯ −Gt = [efx efy efz eτx eτy eτz]T . (3.3)
Figures 3.8a, 3.8b, 3.8a and 3.8b show plots of the result for two
trials. The following observations can be made:
• The overall grasp error tends to increase when fingertip forces
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Figure 3.7: Error normalization for the ball of mass m1 = 0.053 Kg.
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Figure 3.8: Error normalization for the ball of mass m1 = 0.32 Kg.
are higher;
• There is a transition at the beginning and at the end of the
task where errors are relatively higher even if grasp forces are
low: this is caused by the fact that, since the ball is in motion,
equation (3.1) no longer holds true.
Therefore, it can be interesting to consider a force percentage er-
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ror, defined as
ef% :=
[
ef%x ef%y ef%z
]
= 100
[
efx
fT
efy
fT
efz
fT
]T
, (3.4)
where fT is the norm of the force applied by the thumb on the object,
which was chosen as indication of the intensity of grasp. The percent-
age error is considered for the time frame during which the ball is held
still. In order to identify such time frame, I estimated the position of
the ball center of mass over time. For each finger, an estimate bi of
the ball center can be obtained as
bi = ci +Rni, (3.5)
where R mm is the radius of the ball and ni is the unit vector normal
to the contact surface during grasp, which can be obtained from the
intrinsic tactile algorithm. The global ball center position estimate b
can then be obtained as
b =
1
nf
nf∑
i=1
bi. (3.6)
This can be used to distinguish the initial and final transient phases
from the holding phase. Figures 3.7(a)-3.8(a) show plots of b for the
two trials considered, each with the time frame of interest highlighted
by two vertical dashed lines, while Figures 3.7(b)-3.8(b) show plots of
the percentage error during such time frame. Tables 3.2 and 3.3 report
numerical values of both absolute and percentage force Root Mean
Square Error (RMSE) for both tasks. Torque error is also reported.
It is worth noting that there is no intuitive choice of a normalization
quantity for torques; for this reason only absolute torque error is
shown.
3.7b and 3.8b show the behaviour of the error normalized during
all the grasp.
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3.3 Validation and Results
Components fx fy fz
RMSE 0.27 [N] 0.30 [N] 0.34 [N]
Percentage RMSE 2.22 % 2.66 % 2.79 %
Components τx [Nmm] τy [Nmm] τz [Nmm]
RMSE 19.80 22.11 18.52
Table 3.2: Error for experiments with the ball of mass m1 = 0.053
Kg.
Components fx fy fz
RMSE 0.17 [N] 0.29 [N] 0.15 [N]
Percentage RMSE 1.28 % 2.17 % 1.46 %
Components τx [Nmm] τy [Nmm] τz [Nmm]
RMSE 13.68 16.18 8.44
Table 3.3: Error for experiments with the ball of mass m2 = 0.32 Kg.
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Figure 3.9: Internal force projection error components for the task
with nf = 5.
3.3.2 Experiments 2
In this experiment I exploit the force variation during the task. Let
us consider ∆t = tk − t0, where t0 is the generalized force measured
for an initial sample s0 and tk is the force measured in a later sample
sk. Since the ball is held still, the external wrench w is not changing,
and from w = Gt0 = Gtk ∀k follows that ∆t lies in the nullspace of
G (∆t ∈ N (G)). It is known from grasp theory and linear algebra
( [86], [87]) that (I −G+G) is a projector to N (G). Therefore, if we
compute
ΠG (∆t) := (I −G+G)∆t (3.7)
since ∆t ∈ N (G) it should be true that ΠG (∆t) = ∆t. The error
eΠ ∈ R30 can be defined as:
eΠ := ΠG (∆t)−∆t
(3.8)
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and the normalized error is defined consequently as:
e¯Π :=
eΠ
EΠ
(3.9)
where EΠ ∈ R30 is a vector that collect the maximum absolute
values for each component of eΠ. As an example, figure 3.9 shows the
force components of normalized error of thumb (e¯Πtx , e¯Πty , e¯Πtz) for
the trial with the ball of mass m1. A more complete representation
of results can be found in Table 3.4, which shows RMSE considering
only force components for the sake of space. RMSE for torques were
all of the order of 10−3 N mm.
Components Thumb Index Middle Ring Little
m1 = 0.053 Kg
fx [N] 0.077 0.10 0.085 0.082 0.073
fy [N] 0.036 0.72 0.17 0.034 0.10
fz [N] 0.075 0.068 0.14 0.15 0.32
m2 = 0.32 Kg
fx [N] 0.143 0.41 0.34 0.14 n/a
fy [N] 0.164 0.074 0.20 0.026 n/a
fz [N] 0.0063 0.054 0.030 0.13 n/a
Table 3.4: RMSE for the force components of eΠ.
In this section I demonstrated the effectiveness of ThimbleSense
to provide measurements of forces applied during grasping as well as
to estimate the position of the contact point. The algorithm to deal
the bias of F/T sensor allows to correct the contact forces in a cor-
rect manner. The Experimental validation to evaluate the accuracy
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of measurements on grasps of two different balls, leads in both cases
to force RMSE inferior to 0.35 N (less than 3% of the thumb force)
and torque RMSE inferior to 23 Nmm. All these aspects make Thim-
bleSense a complementary tools of tripod device to investigate in a
reasonable manner human grasp proprieties.
3.4 Conclusion
In this chapter I demonstrated the effectiveness of ThimbleSense to
provide measurements of forces applied during grasping as well as to
estimate the position of the contact point. The algorithm to deal
the bias of F/T sensor allows to correct the contact forces in a cor-
rect manner. The Experimental validation to evaluate the accuracy
of measurements on grasps of two different balls, leads in both cases
to force RMSE inferior to 0.35 N (less than 3% of the thumb force)
and torque RMSE inferior to 23 Nmm. All these aspects make Thim-
bleSense a complementary tools of tripod device to investigate in a
reasonable manner human grasp proprieties. To investigate the force
distribution in grasping tasks of robotic hand, solutions in order to
adapt “ThimbleSense” on artificial manipulator will be considered.
64
i
i
“Main” — 2015/7/13 — 8:57 — page 65 — #38 i
i
i
i
i
i
Part II
Studies and Experiments on
Three Digit Grasp
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In the previous part a new set of devices to study the human
grasp proprieties is described. More specifically the effectiveness of
these systems in grasp analysis was also experimentally demonstrated
and applications to neuroscientific studies are discussed. In the sec-
ond part the tripod devices are exploited to investigate the principles
performed by human to control the finger stiffness and the contact
forces in tripod grasp tasks. To measures the stiffness at fingertip
in a tripod grasp pose, in Chapter 4 a new technique is dealt; the
identified stiffness patterns are then correlated with a EMG signals
of dominant antagonistic pair of finger muscles in a suitable map.
Chapter 5 presents a study on the correlation between the stiffness
of the grasped object and the co-contraction activity of the dominant
antagonistic pair of finger muscles.
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Chapter4
Electromyographic Mapping of
Finger Stiffness in Tripod Grasp
In the first part I described and validated a tripod device with easy
to change contact surfaces of customizable stiffness; in this chapter I
profitably integrate this device in a new set-up to identify the stiffness
of hand finger tips in a tripod grasp pose. The stiffness pattern are
after correlated with the EMG signals of flexor/extensor muscles of
fingers to identify a possible map. Understanding the policy used
by human to modulate the stiffness in grasping task, is important to
develop suitable control in robotics, rehabilitation and tele-operation.
As previously said in Chapter 1 few studies investigate about finger
stiffness control performed by human in grasping tasks.
In [88] the authors evidence the ability of hand motor control
to modulate the antagonist co-contraction activity for different tasks:
monitoring limb position, decelerating the limb in ballistic movements
and increasing stiffness [88]. Stiffening behaviour can be realized to
stabilize movement or to fix posture in isometric tasks [28]. Previous
work examining finger and hand stiffness has explored various topics
including the mechanical impedance of the fingers [29] or at the fin-
gertip [30], pinch grasp stiffness during an isometric grasp task [31],
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Figure 4.1: Experimental setup used for the trials. The KUKA applies
planar perturbations to the fingers of the subject and the resulting
forces are measured at the fingertips along with the surface EMG
signals from the FDS and EDC muscles.
or variance of stiffness depending on finger force or posture [32]. The
estimation of the impedance parameters in these studies is mainly
achieved by an off-line post-processing phase, imposing severe lim-
itations in real-time applications such as tele-impedance control of
the prosthetic or robotic hands which require that the motion and
the stiffness profiles of the fingers are appropriately commanded. At
first, this might imply that an individual modelling and control of
the finer motion and stiffness trajectories are required to perform a
target manipulation task. However, observations in human motor
control suggest that central nervous system solves for this complexity
in an elegant and coordinated manner which has been well-recognized
with the concept of hand synergies [89–91]. While the exploitation
of this concept in kinematic coordinates has lead to the development
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4.1 Study Design
of several simple, effective and adaptive robotic designs and control
strategies (e.g. see [13, 91]), its extension to dynamic coordinates,
such as coordinated stiffening of the hand fingers, remains to be in-
vestigated.
Toward the twofold purpose of investigating the presence of co-
ordinated regulations of the finger stiffness in human hand and the
establishment of a real-time technique in modelling and identifica-
tion of the finger stiffness while grasping, this study [A4] explores the
relation between the fingertip stiffness and the EMG activity of the
antagonist muscles contributing to this profile. To achieve this, the
experiments are performed with a custom version of tripod-grasp de-
vice presented in Chapter 2. While constrained in a tripod posture
subjects held a stable level of stiffness and experienced a series of
perturbations provided by the KUKA lightweight robot arm. EMG
was recorded alongside force/torque measurements. Consequently,
the map between the fingertip stiffness profiles, is calculated from the
force/torque measurements, and the EMG data.
4.1 Study Design
Five subjects participated in the experiment, 3 males and 2 females
aged 28 ± 3 years. Before participating, subjects gave their informed
consent. Subjects placed their fingers in a Tripod Device and main-
tained a steady level of hand stiffness, as measured by surface EMG,
while experiencing perturbations provided by the KUKA lightweight
robot (Figure 4.1). Subjects completed the first trial while relaxed
and then increased stiffness to low, medium, and finally high levels in
subsequent trials. The block of four trials was repeated three times
for a total of 12 trials. Each perturbation trial lasted 35 seconds and
the experiment lasted less than an hour.
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4.1.1 Tripod Device and Experimental Setup
The Tripod Device is a custom version of the instrumented manipu-
landum presented in Section 2.2, this device can be grasped with three
fingers and includes three individual contact surfaces. Each contact
surface consists of a contact module rigidly attached to the structure
of the manipulandum, through an interface engineered in Acrilonitrile-
Butadiene-Stirene (ABS) rapid prototyping material. Each contact
module consists of a cylindrical base in ABS (rigid case, Young Mod-
ulus 1.4 GPa). The structure of the manipulandum was fabricated in
aluminium using a CNC (Computer Numerical Control) machine to
ensure structural rigidity.
A force-torque sensor (Series Nano 17 by ATI, Apex, NC, USA)
was positioned below the interface where each contact module was
attached to measure the force and torque components applied by each
finger. A finger-slot was designed and fixed to each contact surface to
minimize the relative movements between the finger and the Tripod
Device. A fourth F/T sensor (Series Nano 45 by ATI, Apex, NC,
USA) placed at the base of the structure provided an independent
measure of the external wrench. An exploded drawing view of the
manipulandum with dimensions is reported in Fig. 5.2.
The Tripod Device was mounted at the end-effector of a 7-DOF
robot arm: the KUKA lightweight robot (KUKA/DLR). All force and
displacement measures were reported in the base reference frame of
the KUKA. The KUKA, which has a positioning repeatability of ±5
mm, was programmed to follow a planar random trajectory, keeping
the orientation angles of the end-effector (roll, pitch, yaw) constant,
so that the Tripod Device remained parallel to the ground maintain-
ing the same orientation with respect to the fixed frame. The subjects
adopted a tripod posture and inserted the index finger, the middle fin-
ger, and the thumb in the dedicated finger-slots of the Tripod Device.
At each finger, the forces in response to the position perturbation were
measured by the contact point F/T sensors described above. Surface
EMG signals on the forearm were measured and amplified with a
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Figure 4.2: Exploded drawing view of the Tripod Device and its main
features with dimensions in [mm].
Delsys-Bagnoli 16 (Delsys Inc.). The data acquisition and synchro-
nization interface between the KUKA controller, the four F/T sensors,
and the EMG acquisition board were developed in Microsoft Visual
C++ environment.
4.1.2 Protocol
Subjects were seated for the duration of the experiment. Surface EMG
electrodes were placed on the flexor digitorum superficialis (FDS) and
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extensor digitorum comunis (EDC) muscles. To minimize cross-talk
from neighboring muscles, the electrodes were positioned following
the methods described by Perrotto et al. [92]. The subject’s arm was
immobilized against a board at an angle to allow the tripod grasp to
be comfortably maintained parallel to the ground, see Fig. 4.1. In
a pre-trial, the KUKA did not perturb the subject, and the subject
was instructed to produce maximum hand stiffness without squeez-
ing the tripod object. The level of co-contraction produced in this
trial was used as an upper-bound for the stiffness level in subsequent
trials. In the first trial, the subject placed his thumb, index, and mid-
dle fingertips in the finger-slots of the Tripod Device and remained
relaxed while the KUKA perturbed the subject following the trajec-
tory described above. In subsequent trials, subjects were asked to
produce roughly 20, 40, or 60% of their maximum stiffness while the
KUKA perturbed the hand; subjects were provided visual feedback
to aid maintaining these levels. Subjects were also instructed to pri-
oritize stability of stiffness level over accuracy of targeted level; that
is, subjects aimed to keep a low standard deviation over producing a
particular mean stiffness level. The block of four trials was repeated
three times for a total of 12 trials.
4.2 Data Analysis
To estimate the endpoint stiffness at each of the three fingers, I
adopted the same techniques used in [62] for the arm. Following
Perrault et al. [93], a continuous stochastic perturbations is applied
for 35 seconds to the subject’s fingers through the Tripod Device. The
perturbations were applied in x and y directions, with a peak-to-peak
value of 10 mm in each direction and with a frequency spectrum that
was flat in the range of 0 to 6Hz and null elsewhere. The first 5 sec-
onds of data were discarded to allow the subject to reach the required
stiffness level.
For each finger, the multiple-input, multiple-output (MIMO) dy-
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namics of the endpoint stiffness were decomposed into four linear
single-input, single output (SISO) subsystems; the identification of
each SISO subsystem was performed in the frequency domain using
a nonparametric algorithm [94]. The endpoint inertia, viscosity and
stiffness matrices, I, B and K, where found by comparing each SISO
transfer function with a second order linear model of the type:
Gi,j(s) = Ii,js+Bi,js+Ki,js, i, j = x, y.
The external wrench measured at the base of the Tripod Device
with the ATI Series Nano 45 force/torque sensor was compared with
the external wrench derived from the three force-torque sensors placed
under the fingers to verify that the measurements were correct. The
surface EMG signals were acquired with a Delsys-Bagnoli 16 appara-
tus, sampled at 750Hz, high-pass filtered at a cut-off frequency of 4
Hz with a 4th order Butterworth filter. The resulting rectified signal
was low-pass filtered in order to obtain its envelope. The average
values of the EMG signals relative to the FDS and EDC muscles, re-
spectively p′ and p′′, were calculated at each trial. The resulting level
of co-contraction Lcc was computed as:
Lccs,t =
1
2
(
p′s,t
p′s,max
+
p′′s,t
p′′s,max
)
Where s indicates the subject, t the trial number and p′s,max, p′′s,max
the maximum EMG values recorded respectively at channel 1 and
channel 2 of subject s.
4.3 Results
Figure 4.3 shows the x component of a typical endpoint displacement
d(t) along with the x component of the resulting force F (t) measured
at the index fingertip. To evaluate the linear dependency of each
output (forces) to all system inputs (displacements), the multiple co-
herence indices were computed on the obtained measurements. A
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Figure 4.3: x components of a typical endpoint displacement d(t)
and the resulting force F (t). F (t) and d(t) were used to estimate
the endpoint stiffness of the fingers by means of a nonparametring
algorithm in the frequency domain [94].
strong linear dependency of the inputs and the outputs was found in
the frequency range 0-6 Hz, as shown in the Figure 4.4; for this reason
the parameter estimation was performed in the same range.
After estimating each stiffness matrix K, its symmetric Ks and
asymmetric Ka parts were extracted:
Ks =
1
2
(K +KT ) Ka =
1
2
(K −KT )
The error of approximation was computed as:
e =
||Ka||2
||Ks||2 ,
obtaining a mean value e¯ ≈ 0.07.
The eigenvalues λ1 and λ2 (with λ1 < λ2) of Ks and the cor-
responding eigenvectors, v1 and v2, were computed. In all of the
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Figure 4.4: Example of Multiple Coherence function values for the
five subjects.
examined cases, Ks was found to be positive definite, with λ1 and λ2
real and greater than 0.
Figure 4.5 presents the endpoint stiffness ellipses that were gener-
ated by one of the subjects during four consecutive trials (with four
different indications on the stiffness set-point level). Stiffness ellipses
are a consolidated method of representing the endpoint stiffness. In
the 2D case, the major and minor axes of the ellipse represent re-
spectively λ2 and λ1, while the orientation θ of the ellipse is given
by the angle between v2 and the x axis. As expected, the stiffness
ellipse area (A = piλ1λ2) increases with increasing targeted stiffness
levels. On the other hand, the orientation θ, as well as the shape (here
quantified with the ratio λ1
λ2
), of the stiffness ellipse does not appear
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Figure 4.5: Endpoint stiffness ellipses generated by one of the subjects
during four consecutive trials.
to be correlated with the stiffness levels. Table 4.1 reports the mean
values of the of the stiffness ellipses’ orientations corresponding to dif-
ferent stiffness levels. For each subject, the values are distributed in
three different rows I, M and T that correspond respectively to the
index finger, middle finger and thumb. Following the same structure
of Table 4.1, Table 4.2 presents the average ratio λ1
λ2
with respect to
different stiffness levels.
To further investigate the behavior of the stiffness components λ1
and λ2 at each finger, I used the measured surface EMG signals from
the FDS (channel 1) and EDC (channel 2) muscles as an indicator of
the global stiffness of the hand. Figure 4.6 shows the filtered EMG
signals acquired from one of the subjects during three different trials.
The three trials corresponded to three increasing levels of stiffness.
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Figure 4.6: Typical normalized EMG signals for three different levels
of stiffness.
Each signal was normalized to the maximum value produced by the
subject during the pre-trial phase for the corresponding EMG channel.
The acquired EMG signals were used to compute the Lcc index
for each trial. To measure the correlation between the stiffness com-
ponents at each finger and the Lcc index, Pearson’s Correlation Co-
efficient (PCC) was used. PCC produces a measure of the linear
correlation between two measures; it can range from −1 (total neg-
ative correlation) to 1 (total positive correlation), with 0 indicating
absence of correlation. The average correlation coefficient obtained
between λ and Lcc was:
PCC ≈ 0.81
For each subject the norm values of λ1 and λ2 are fitted with
respect to Lcc. A total of six fittings were performed for each subject
(two per finger) by implementing least-squares regression to find the
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Table 4.1: Average ellipse orientations for the four levels of stiffness.
θ(◦) Finger Rest Low St. Medium St. High St.
Subject 1
I 8.1 10.3 0.2 5.7
M 12.1 14.6 15.5 15.6
T 10.6 14.0 14.2 19.1
Subject 2
I 20.8 22.4 24.1 −15.0
M 24.8 25.9 32.2 22.8
T 12.3 1.5 −6.1 0.5
Subject 3
I −1.6 3.1 4.1 4.1
M 28.2 7.5 2.3 3.2
T 5.4 11.4 2.5 −2.0
Subject 4
I 34.1 8.9 6.7 −11.6
M 27.3 15.6 20.5 24.7
T 27.3 23.5 22.0 22.9
Subject 5
I 15.3 13.5 15.5 16.7
M 15.2 18.1 −10.7 −25.7
T 13.7 20.3 23.3 −10.2
coefficients mi,f and qi,f in the following equation:
λi,f
λ
MAX
i,f
≈ mi,fLcc+ qi,f i = 1, 2
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Table 4.2: Average ratio λ1
λ2
of the ellipse axes for the four levels of
stiffness.
λ1
λ2
Finger Rest Low St. Medium St. High St.
Subject 1
I1 0.13 0.09 0.19 0.25
M1 0.27 0.31 0.27 0.23
T1 0.19 0.14 0.16 0.17
Subject 2
I2 0.41 0.34 0.31 0.30
M2 0.37 0.26 0.22 0.19
T2 0.22 0.17 0.20 0.30
Subject 3
I3 0.22 0.19 0.17 0.16
M3 0.51 0.29 0.26 0.32
T3 0.48 0.44 0.32 0.20
Subject 4
I4 0.61 0.43 0.61 0.58
M4 0.07 0.32 0.42 0.40
T4 0.23 0.31 0.40 0.46
Subject 5
I5 0.14 0.14 0.18 0.21
M5 0.18 0.25 0.33 0.19
T5 0.17 0.23 0.26 0.40
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Table 4.3: Angular coefficients mi,f of the fitting lines along with the
average coefficient of determination R2 for each subject.
m1,I m2,I m1,M m2,M m1,T m2,T R
2
Subject1 1.20 1.25 1.13 1.17 1.25 0.71 0.73
Subject2 1.19 1.18 0.93 0.96 1.11 0.61 0.86
Subject3 1.31 1.33 1.14 1.34 0.91 0.53 0.72
Subject4 0.88 0.74 0.45 0.67 0.70 0.50 0.42
Subject5 1.68 2.60 2.13 1.67 1.95 1.13 0.60
where f = T, I,M indicates thumb, index or middle finger, respec-
tively, and λMAXi,f is the maximum value of λi,f among the 12 trials. The
results for one of the subjects are presented in Figure 4.7. The slopes
of the fitting lines for each subject along with the mean coefficient of
determination R2 are given in table 4.3.
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Figure 4.7: Linear regression of normalized stiffness axes with respect
to the level of co-contraction Lcc. The graphs are relative to Subject
3.
4.4 Discussion
The experimental results corroborate the feasibility of a generalized
mapping between the EMGs recorded from the FDS and EDC mus-
cles and the hand stiffness. Since the aim of this work was not the
generation of an accurate model of hand stiffness control but instead
to move a step towards the design of more natural and better perform-
ing control interfaces for hand prostheses and teleoperation, I focused
only on the relationship between the hand stiffness and the FDS and
EDC muscles. In particular, I represented the endpoint stiffness of
the fingers with stiffness ellipses and found that their area increased
with respect to increasing levels of co-contraction Lcc, while their ori-
entation and shape did not seem to be related to Lcc. In fact, the
variation of θ and λ1
λ2
across trials as seen in Table 4.1 and 4.2 does
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not appear to depend on the stiffness level; this conjecture is sup-
ported by the studies on the human limb stiffness, which state that
the orientation and shape of the endpoint stiffness ellipses is mainly
determined by posture [95]. In general, the endpoint stiffness of the
thumb, index and middle fingers was found to increase when the level
of co-contraction Lcc increased. Furthermore, the results of the lin-
ear fittings (Table 4.3) show that, not only the relationship between
stiffness and Lcc was nearly linear, but also that, with the exception
of m2,T , the slopes of the fitting lines tend to maintain a similar value
among the same subject. This result is very important because it
highlights a tendency of the fingers to stiffen in a coordinated way
that is also proportional to the level of co-contraction of the EDC
and FDS muscles. However, in order to produce a simple but efficient
generalized mapping between hand stiffness and co-contraction, fur-
ther studies should be conducted. In particular, this work is focused
on the relationship between co-contraction and hand stiffness in ab-
sence of grip force. The subjects were in fact asked not to produce
any grip force and, by checking the force/torque measurements, it’s
found that the request was fulfilled in all the trials with the exception
of Subject 4 and Subject 5 during the high stiffness condition. This
simplification was made in order to better understand the role of co-
contraction in the control of hand stiffness, but it will also take into
account the possibility of the exertion of grip forces to profitably use
the mapping in real tasks.
4.5 Conclusion
In this section, a reasonable approach to characterize and map the
hand stiffness is presented. To the best of my knowledge, this is the
first work that analyses the relationship between co-contraction of the
FDS and EDC muscles and the endpoint stiffness of thumb, index and
middle finger; the results suggest that, while the shape and orientation
of the stiffness ellipses are mainly influenced by the hand posture,
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there is a nearly linear relation between the level of co-contraction
and the length of the ellipses’ axes. Furthermore, by normalizing the
endpoint stiffness components of each finger, it’s possible to identify
a rate of growth between the stiffness components and the level of
co-contraction that had little variations among different fingers of
the same subject. These results show the feasibility of a generalized
mapping between the EMGs recorded from the FDS and EDC muscles
and the hand stiffness. Such a mapping could be applied to many
disciplines of robotics, in particular it could allow the design of more
natural and efficient control schemes for upper limb prostheses.
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Chapter5
Effect of Homogenous Object
Stiffness on Tri-digit Proprieties
5.1 Introduction
In the previous chapter I evidenced a relation between finger stiffness
and EMG signals of principal finger muscles; in this study I monitored
the same muscle activity throughout the grasp of a tripod device with
different stiffness at contact points. To investigate the effect of the
stiffness at contact point on the grasping force distribution, I prof-
itably used the tools and method presented in the previous chapters.
In effect grasping of compliant objects presents additional uncertain-
ties and Winges et al. [18] showed that, during a grasp, when one
or two contact points are compliant, the activation patterns of finger
muscles are different with respect to the case where the contact points
are rigid. Besides analyzing the grip forces, to fully understand the
control of hand grasping by the CNS, it is important to study how
the hand stiffness is regulated during a grasp: stiffening behavior is
commonly realized to stabilize movement or to fix posture in isomet-
ric tasks [28] and recent findings suggest that, to some extent, grip
stiffness is independent from grip force [70].
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Figure 5.1: Experimental setup used for the trials.
This study [A5] aims to investigate the relation between object
compliance and grasping stiffness of the hand. To achieve this goal,
11 subjects perform a grasp experiment exploiting a modified version
of the Tripod Device (see Section 2.2) with three different contact
modules. Each module is characterized by a certain level of stiffness:
rigid, high, medium, or low stiffness. The experiment consisted of
four blocks of trials, corresponding to the four different levels of stiff-
ness; in each trial the subject grasped and lifted the Tripod Device 25
times while the EMG was recorded from the Flexor Digitorum Super-
ficialis (FDS) and Extensor Digitorum Comunis (EDC). These two
muscles are the main finger antagonist pair and thus can be used to
monitor the EMG activity resulting in the production of grasp force
as well as overall hand stiffness; this assumption is in agreement with
the capability of the human control system to increase hand stiffness
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exploiting the co-contraction of antagonist muscles ( [88]).
5.2 Materials and Methods
5.2.1 Study Design
Eleven healthy volunteers participated in this study (5 males and 6
females, mean age 28 ± 3 years, 10 right-handed). Before starting
the study, all participants signed an informed consent previously ap-
proved by the regional ethics committee. The study consisted of four
blocks of 25 trials each in which the subject grasped and lifted the Tri-
pod Device while EMG was recorded from the main finger flexor and
extensor muscles. The device was held steady for a brief period and
placed back on a table. At the contact points for the thumb, index,
and middle fingers, an interface of varying rigidity was placed. Three
silicone interfaces of compliant, medium, and high stiffness were used
as well as a rigid ABS plastic interface covered in a thin film of silicone,
to match haptic conditions. The order of the four block conditions
was randomized to reduce order effects.
5.2.2 Tripod Device and Experimental Setup
The Tripod Device is a custom version of instrumented manipulan-
dum developed to study three-finger grasps in Section 2.2. Several
sets of contact modules were designed to include contact surfaces
with different levels of stiffness. Each contact module include an
interface engineered in Acrilonitrile-Butadiene-Stirene (ABS) rapid
prototyping material to allow them to be rapidly interchanged on the
device. The manipulandum is equipped with an internal frame made
in aluminium using a CNC (Computer Numerical Control) machine
to ensure structural rigidity. A set of cylindrical interfaces in ABS or
silicone were integrated with the contact module, each with a different
level of stiffness. The silicone was obtained by mixing a given quan-
tity of a commercial bicomponent, room temperature-curing silicone
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(BJB TC-5005A/B), with different percentage of plasticizer (BJB TC-
5005C), acting as a softener. Softener was mixed at a percentage of
45%, 20%, 0% as shown in [79] to obtain three different stiffness levels.
A fourth specimen was made only with ABS. The four different con-
tact surfaces have a Young’s Modulus of 200 kPa, 500 kPa, 750 kPa
and 1.4 GPa and are referred to as low-, medium-, and high-stiffness
silicone and rigid ABS conditions, respectively.
The force and torque components applied by each finger are mea-
sured by three force-torque sensors (Series Nano 17 by ATI, Apex, NC,
USA) fixed below each contact module. The effect of cables and the
external wrench are monitored by a fourth F/T sensor (Series Nano
17 by ATI, Apex, NC, USA) placed at the base of the structure. An
exploded drawing view of the manipulandum with dimensions can be
found in Fig. 5.2. The total weight of the manipulandum, including
the sensor cables was 300 g. The Tripod Device was built to allow an
additional component to be attached at the base to easily change the
weight of the device; in this experiment, an additional 100g was used
for a total device weight of 400g. Surface EMG signals on the fore-
arm were measured and amplified with a Delsys-Bagnoli 16 channel
system (Delsys Inc.). The data acquisition and synchronization were
performed in Simulink (Matlab R2012a) software exploiting Data Ac-
quisition Toolbox, Instrument Control Toolbox, and Simulink Block
for Real Time Execution.
5.2.3 Protocol
Surface EMG sensors were placed on the main muscle belly of the
flexor digitorum superficialis (FDS) and extensor digitorum commu-
nis (EDC) muscles following the identification and verification proce-
dures outlined in [92]. Maximum voluntary contractions (MVC) were
then collected for each muscle by asking subjects to contract against
resistance provided by the experimenter. Subjects were seated in front
of the tripod device, which was placed on a table. The device was
equipped with the appropriate contact stiffness interface, according to
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Figure 5.2: Exploded drawing view of the Tripod Device and its main
features with dimensions in [mm]
the randomization table. Subjects were instructed to lift the object
vertically, avoiding object tilt as much as possible. (Note: in order to
encourage as natural a grasp as possible, subjects were given no in-
struction as to grasp force, eg: to use the minimum force necessary to
lift the device.) After a brief (1-2 second) pause, sujects then placed
the tripod device back on the table. This procedure was repeated for
25 total lifts. Subjects proceeded at their own pace and were allowed
to pause as needed to avoid fatigue both during the block of 25 trials
and between blocks. After each block, the interface was changed to a
new stiffness condition and a new block of 25 trials conducted until
subjects had completed all four conditions.
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5.3 Data Analysis
The first five trials in each block were discarded to avoid learning or
crossover effects. The vertical axis of the FT sensor at the base of
the manipulandum was used to segment the data into lift, hold, and
place phases of the subsequent 20 trials. The mean was subtracted
from the EMG data to remove the DC offset before rectifying the
data. EMG data was then normalized to the maximum contraction
collected prior to the trials. The average value of the hold phase
of the EMG and the normal force exerted by each finger was then
calculated. The data were further synthesized into an average value
for each condition for each subject. To perform group analysis, a
repeated measures analysis of variance (RM ANOVA) was used. The
RM ANOVA was performed on four sets of data: FDS and EDC
EMG levels, cocontraction levels, and the sum of the index and middle
finger contact point forces. When a main effect of stiffness was found,
the data was then subjected to a post-hoc analysis using Bonferroni
corrections for multiple comparisons.
5.4 Results
All subjects tolerated the protocol well, and each session lasted ap-
proximately an hour, including set-up and self-timed breaks. Sub-
jects occasionally reported low levels of fatigue and were encouraged
to break as needed to minimize fatigue effects. Measurements from a
sample trial are shown in Fig. 5.7: the normal forces and the weight
in Fig. 5.3 and 5.4; the values of the EMG signals in the same time
range in Fig. 5.5 and 5.6. A summary of the FDS, EDC, and co-
contraction EMG data can be found in Fig 5.8. The group data was
analyzed using RM ANOVA, as detailed in the preceding section. The
FDS data violated the assumpution of sphericity (using Mauchly’s
test, p0.01), therefore the Greenhouse-Geisser correction was ap-
plied ( = 0.446). No effect of stiffness condition on FDS contraction
levels was found (F=3.592, p=0.071). In contrast, there was a main
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Figure 5.7: An example of the measurements collected in one trial
effect of stiffness condition on EDC contraction (F=9.942, p0.01).
This analysis was thus followed by post-hoc tests with Bonferroni
corrections: EDC activity during the low-stiffness silicone condition
was found to be significantly different from the high-stiffness silicone
and rigid ABS conditions (p=0.021 and 0.001, respectively). Finally,
the cocontraction values were analyzed: they violated Mauchly’s test
of sphericity (p=0.006), therefore the Greenhouse-Geisser correction
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Figure 5.8: Average values of FDS, EDC, and cocontraction normal-
ized to MVC, with standard error bars.
Figure 5.9: Average force at the index and middle finger contact
points, normalized to MVC, with standard error bars.
was again applied ( = 0.583). There was a main effect of stiffness
condition (F=6.280, p=0.011) and post-hoc tests showed a significant
difference between rigid ABS conditions and low-stiffness as well as
medium-stiffness silicone (p=0.045, 0.015, respectively).
To validate the sensor data, the normal force at the thumb con-
tact point was subtracted from the sum at the index and middle finger
contact points. The resulting difference was found to be near zero,
as expected (data not shown). The average of the sum of the index
and finger contact forces is plotted in Fig. 5.9. The index and middle
finger contact force was analyzed using RM ANOVA as before and
a main effect of condition was found (F=4.984, p=0.006). However,
post-hoc analysis did not find any significant difference between con-
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dition pairs, possibly due to the conservative nature of the Bonferroni
correction.
5.5 Discussion and Conclusions
The study presented above examines the effect of the stiffness of an
object on the EMG activity during a grasp and lift task. Eleven sub-
jects participated in the experiment in which they grasped and lifted
a tripod object with four different stiffness contact points. Although
subjects generally seemed to exhibit higher FDS activity for more
compliant conditions than more rigid conditions, results also showed
large intra- and inter-subject variability. There was no significant
difference due to stiffness conditions in the FDS activity. The EDC
results, however showed a clearer trend of increasing activity with de-
creasing stiffness with a significant effect of stiffness. This trend was
visible in the post-hoc results showing that grasping and lifting the
low-stiffness silicone resulted in significantly higher EDC EMG activ-
ity than the two highest stiffness conditions. Finally, there was a main
effect of stiffness on cocontraction levels, with post-hoc tests showing
EMG cocontraction was significantly lower when grasping and lifting
the rigid ABS compared to both the low- and medium-stiffness sili-
cone. Together, these results suggest the co-contraction changes are
primarily due to the increased EDC levels rather than a change in
FDS levels.
To further undersand the meaning of the change in EMG levels,
the contact forces are examined during each condition. Though there
appears to be a trend toward increasing force with decreasing stiffness,
and indeed a main effect of stiffness on force levels, post-hoc testing
did not reveal any significant differences between specific condition
pairs. It is possible that this effect is masked by the conservative na-
ture of the Bonferroni correction. Taken in combination, these results
suggest that the motor system responds to the increase in compli-
ance by increasing the activity of the antagonist muscle, ultimately
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resulting in higher cocontraction levels from the antagonist pair. The
increased stiffness would thus serve to counterbalance the increased
compliance, and thus instability, of the grasp.
The results shown here suggest a decoupling of flexor and exten-
sor activity with changing object compliance, despite relatively stable
grasp posture. As mentioned in the introduction, there is evidence
that specific patterns of activation are used in grasp tasks; in the
future, the effect of varying compliance without varying position on
these patterns could be investigated. Further, it is worth noting that
because the tripod object was grasped from above with only finger-
tip contact, subjects may have been more likely to increase stiffness
to produce a more secure grasp, especially as the contact compliance
increased. In a power or conformal grasp, this stiffness effect may
thus be decreased due to the increased positional stability and thus
reduced reliance on grasp force and/or stiffness. Future experiments
will expand the results described above to examine the effects of con-
tact stiffness on both power and precision grasps.
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Conclusions
All the devices and the methods presented in this thesis are validated
and usable for neuroscientific studies on human grasp force distri-
bution and control. The two aforementioned approaches, “Sensorized
Object ” and “Wearable-Devices ” allow to investigate the effect of dif-
ferent factors that could influence human grip control. These devices
allow to collect all the necessary measurements to have a complete
characterization of human grasp in terms of contact point locations,
F/T measurements at contacts. Implementation of methods to deal
offset of (F/T) sensors allow to ensure correctness of F/T measure-
ments during grasp of the object without restriction on the object
configurations.
In the second part of the thesis, the tripod device, was exploited
in two studies to investigate human strategies to control the stiffness
at contact points in grasping tasks.
In the first study, a reasonable approach to characterize and map
the hand stiffness is presented. This is a pioneer work that analyses
the relationship between co-contraction of the FDS and EDC muscles
and the endpoint stiffness of thumb, index and middle finger; the
results suggested that, while the shape and orientation of the stiffness
ellipses are mainly influenced by the hand posture, there is a nearly
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linear relation between the level of co-contraction and the length of
the ellipses’ axes. These results show the feasibility of a generalized
mapping between the EMGs recorded from the FDS and EDC muscles
and the hand stiffness.
The second study outcomes aim a decoupling of flexor and ex-
tensor activity with changing object compliance, despite relatively
stable grasp posture. As mentioned in literature, there is evidence
that specific patterns of activation are used in grasp tasks. These
results suggest that humans prefer to increase the co-contraction of
finger muscles when they grasp deformable objects. Resuming, the
outcomes of this thesis are tangible contributions to: i) advance the
state of art on human strategies in manipulation tasks and provide
tools to assess rehabilitation procedures and ii) investigate human
strategies for impedance control that can be used for human-robot
interaction and control of myoeletric prosthesis. Future works could
study the effect of object weight and cutaneous cues to evidence un-
known strategies in human motor control. To study soft synergies
model in human grasping tasks, the tools and methods presented in
this thesis could be integrated with systems able to measure hand
configurations during the grabbing phase.
To improve the performance of prosthetic/robotic hand in grasping
task and to reduce the gap with human hand ability, the strategies
evidenced in the second part of the thesis could be implemented in
new class of control laws.
In rehabilitation scenarios the developed devices could be exploited:
to evidence differences of grasp properties between healthy and dis-
abled subjects and to assess the outcomes of rehabilitation therapies.
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